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PREFACE 


Production planning and control has for many years been considered a some¬ 
what glorified clerical occupation, concerned mainly with masses of forms that 
hould be kept in circulation, but having little authority in formulating policies 
>r making decisions: humdrum routine and no glamor. In recent years, however, 
b has become more and more apparent that production planning and control 
ystems are one of the basic activities that determine the effectiveness of a 
►roduction enterprise; that problems relating to utilization of production facili- 
ies involve operational analysis and policy evaluation of the highest degree; in 
hort, that there is far more to production planning and control than a few 
leverly designed forms. If properly taught and applied, this subject is perhaps 
ne of the most exciting fields in industrial engineering. 

This volume is an attempt to present some of the basic principles of production 
fanning and control and to indicate in what way it is interwoven with other 
unctions in the frame-work of production management. As the subject is of 
iterest to engineers practicing in this field as well as to students both at under- 
raduate and graduate level, presentation of the material in a form suitable to 
11 three parties is probably an impossible task. Certain chapters and sections 
re therefore marked with an asterisk to indicate that these can be omitted in 
he more elementary courses or by those interested in the subject from a more 
ursory view-point. 

Thanks are due to all those firms who willingly supplied information and 
laterial, and wdiose assistance is acknowledged in the text, and also to my stu- 
ents, w T ho listened, commented, and criticized. I am particularly grateful to 
ly wife, who has been more than just a constant source of encouragement, but 
as made many invaluable suggestions. Finally, acknowledgement is due both 
o the Israel Institute of Technology, Haifa, and to Imperial College, London, 
Dr providing facilities that made this work possible. 

London S.E. 
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FUNCTIONS OF PRODUCTION 
PLANNING AND CONTROL 


“The highest efficiency in production is obtained by manufacturing the re¬ 
quired quantity of product, of the required quality, at the required time, by the 
3est and cheapest method. 5 ’ 1 To attain this target, management employs 
production planning and control, the tool that coordinates all manufacturing 
ictivities. 

Production consists of a sequence of operations that transform materials 
Tom a given to a desired form. The transformation may be done in one or in a 
jombination of the following ways: 

1. Transformation by disintegration, having essentially one ingredient as 
nput and producing several outputs. This transformation is almost invariably 
tccompanied by changes in the physical shape of the input, such as changes in 
he physical state or in the geometrical form. Examples: producing lumber in a 
sawmill, rolling steel bars from cast ingots, making components from standard- 
zed materials on machine tools, oil-cracking which yields several products, etc. 

2. Transformation by integration or assembly, using several components as 
nputs and obtaining essentially one product as output. Examples: producing 
nachines, furniture, household appliances, automobiles, radio and television 
ets, alloys, sulfuric acid, concrete, etc. 

3. Transformation by service, where virtually no change in the object under 
jonsideration is perceptible but where certain operations are performed to 
hange one of the parameters which define the object. This may include: opera- 
ions for improving the tensile strength, density, crystallographic structure, 
rear, or other mechanical properties of the object; operations that change its 
ocality or state by transportation or handling means; maintenance operations. 
Examples: sizing and coining in press work, servicing and light repairs of auto¬ 
nobiles, loading and unloading of trucks, etc. Many pure service operations are 

1 Alford, L. P., and Bangs, J. R., Production Handbook , Ronald Press Co., 1952 (a later 
dition, edited by Carson, G. B., was published in 1958.) 
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not considered to be part of industry, but-the planning and control of such 
operations is basically similar to those of industrial operations. By analogy one 
could say that "the highest efficiency in servicing is obtained by processing 
through the service station the required volume, offering the required quality, 
at the required time, by the best and cheapest method. 35 

The four factors mentioned above—namely; quantity, quality, time, and 
price—encompass the production system, of which production planning and 
control is the brain. Three distinct stages comprise every activity in such a 
system: pla nning , operations, and control. 

Planning begins with an analysis of the given data, on the basis of which a 
scheme for the utilization of the firm's resources can be outlined so that the 
desirable target may be most efficiently attained. The production plan sets sub- 
targets for the various departments in terms of predetermined time periods, and 
these subtargets are so defined that in achieving them the over-all aim is 
realized. 

Operations are performed in accordance with the details set in the production 
plan. 

Control initiates and supervises operations with the aid of a control mechanism 
that feeds back information about the progress of the work. This mechanism is 
also responsible for subsequently adjusting, modifying, and redefining plans and 
targets, in order to ensure the attainment of the first goal. 

Hence, production planning and control may be summarily defined as the 
direction and coordination of the firm's material and physical facilities toward 
the attainment of prespecified production goals, in the most efficient available 
way. in its capacity as the brain and the central nervous system of the produc¬ 
tion program, production planning and control is responsible for having avail¬ 
able every part and assembly at the right time at the right place, in order to 
ascertain progress of operations according to a predetermined time and place 
schedule. Specifically, the functions of production planning and control (see 
Pig. 1-1) can be classified in ten categories. 

Materials 

Raw materials, as well as standard finished parts and semifinished products, 
must be available when required, to ensure that each production operation will 
start on time. Duties include the specification of materials (both with respect to 
dimensions and quality), quantities and availability, delivery dates, standardiza¬ 
tion and reduction of variety, procurement and inspection. This function also 
covers the procurement of semifinished products from subcontractors. 

Methods 

The purpose of this function is to analyze possible methods of manufacture 
and to try to define the best method compatible with a given set of circum¬ 
stances and facilities. This analysis covers both the general study and selection 
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of production processes for the manufacture of components or assemblies and 
the detailed development and specifications of methods of application. 

Such a study results in determining the sequence of operations and the 
division of the product into assemblies and subassemblies, modified by the 
limitations of existing layout and work flow. 

Machines and equipment 

Methods of manufacture have to be related to available production facilities, 
coupled with a detailed study of equipment replacement policy. Maintenance 
policy, procedure, and schedules are also functions connected with managerial 
responsibility for equipment, since the whole problem of breakdowns and 
reserves can be seriously reflected in halts in production. Tool management, as 
well as problems both of design and economy of jigs and fixtures, constitutes 
some of the major duties of production planning and control. 

Routing 

Once the over-all methods and sequence of operations have been laid down, 
each stage in production is broken down to define each operation in detail, after 
which the issue of production orders can be planned. Routing prescribes the 
flow of work in the plant and is related to considerations of layout, of temporary 
storage locations for raw materials and components, and of materials handling 
systems. Routing is a fundamental production function on which all subsequent 
planning is based. 

Estimating 

When production orders and detailed operation sheets are available with 
specifications of feeds, speeds, and use of auxiliary attachments and methods, 
the operation times can be worked out. This function involves the extensive use 
of operation analysis in conjunction with methods and routing, as well as work 
measurement, in order to set up performance standards. The human element 
figures prominently in work measurement because it is sensitive to systems of 
work ratings and wage incentive schemes. Hence it may consequently reflect in 
a wide scatter of operation times and in unduly large fluctuations and perhaps 
instabilities in time schedules. 

Loading and scheduling 

Machines have to be loaded according to their capability of performing the 
given task and according to their capacity. Machine loading is carried out in 
conjunction with routing, to ensure smooth work flow, and with estimating, to 
ensure that the prescribed mtethod, feeds, and speeds are best utilized. Schedul¬ 
ing is perhaps the toughest job facing a production manager because it deter¬ 
mines the utilization of equipment and manpower and hence the efficiency of 
the plant. Scheduling must ensure that operations are properly dovetailed, that 
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semifinished components arrive at their next station in time, that assembly 
work is not delayed, and that on the other hand the plant is not unnecessarily 
loaded both physically and financially with work in process, i.e., with semi¬ 
finished components waiting for their next operation. This calls for a careful 
analysis of process capacities, so that flow rates along the various production 
lines can be suitably coordinated. In machine loading, appropriate allowances 
for setup of machines, process adjustments, and maintenance down time have 
to be made, and these allowances form a vital part of the data constantly used 
by the scheduling function. 

Dispatching 

This function is concerned with the execution of the planning functions. Dis¬ 
patching is '‘the routine of setting productive activities in motion, through re¬ 
lease of orders and instructions and in accordance with previously planned times 
and sequences as embodied in route sheets and loading schedules.” 2 Dispatching 
authorizes the start of production operations by releasing materials, com¬ 
ponents, tools, fixtures, and instruction sheets to the operator, and ensures that 
material movement is carried out according to the planned routing sheets and 
to schedules. 

Expediting 

This control tool is the executive arm that keeps a close watch on the progress 
of the work. Expediting, or "follow-up” or ‘ ‘progress’* as it is sometimes called, 
is a logical step after dispatching. Dispatching initiates the execution of pro¬ 
duction plans, whereas expediting maintains them and sees them through to their 
successful completion. This function has to keep close liaison with scheduling, in 
order to provide efficient feedback and prompt review of targets and schedules. 

Inspection 

Another major control function is that of inspection. Although the control of 
quality is often detached from the production planning and control department, 
its fi n dings and criticisms are of supreme importance both in the execution of 
current plans and in the planning stage of future undert aking s, when the 
limitations of processes, methods, and manpower are known. These limitations 
can form a basis for further investigations in evaluating, with the view to 
improving production methods or indicating the cost implications of quality at 
the design stage. 

Evaluating 

Perhaps the most neglected function, but an essential link between control 
and future pla n n ing , is that of evaluating. The executive tasks of dispatching 
and expediting are concerned with the immediate issues of production and with 
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measures that will ascertain the fulfillment of set targets. Valuable information 
is gathered in this process, but the feedback mechanism is rather limited in 
nature and unless provision is made so that all this accumulated information can 
be properly digested and analyzed, valuable data may be irretrievably lost. This 
is where the evaluating function comes in: to provide a feedback mechanism on 
a longer term basis so that past experience can be evaluated with the view to 
improving utilization of methods and facilities. Many firms consider this 
function important enough to divorce part of it from production planning and 
control and to establish it as a separate department in its own right, in which 
wider aspects of production management can be studied, using modern tools of 
operations research. Whatever the scope of evaluating in the production plan¬ 
ning and control department, this process is an integral part of the control 
function. 

The ten functions were listed above in the order of their operation and are 
further discussed in Chapter 3. As shown in Tig. 1-1, they are related to three 
stages: preplanning, planning, and control. 



Figure 1-1. The ten functions of production planning and control cycle. 


Preplanning 

This covers an analysis of data and outline of basic planning policy based on 
sales reports, market research, and product development and design. On the 
broad aspects of planning, this stage is concerned with problems of equipment 
policy and replacement, new processes and materials, layout, and work flow. 

Preplanning production as a production planning and control responsibility 
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is also preoccupied with collecting data on the ci 4 M’s, 55 i.e., on materials, 
methods, machines, and manpower, mainly with respect to availability, scope, 
and capacity. 

Planning 

When the task has been specified, a thorough analysis of the <e 4 M’s” is first 
undertaken to select the appropriate materials, methods, and facilities by means 
of which the work can be accomplished. As already mentioned, this analysis is 
followed by routing, estimating, and scheduling. The more detailed, realistic, 
and precise the planning, the greater conformity to schedules achieved during 
production, and subsequently the greater the efficiency of the plant. There are 
two aspects of planning: a short-term one, concerned with immediate production 
programs, and a long-term phase, where plans for the more distant future are 
considered and shaped. Prominent planning functions are those dealing with 
standardization and simplification of products, materials, and methods. 

Control 

This stage is effected by means of dispatching, inspection, and expediting. 
Control of inventories, control of scrap, analysis of work in process, and control 
of transportation are essential links of this stage. Finally, evaluation takes place 
to complete the production planning and control cycle. Professor Norbert 
Wiener has said of the social system that it i; is an organization like the indi¬ 
vidual: that it is bound together by a system of communications: and that it has 
a dynamics, in which circular processes of a feedback nature play an important 
part.” 3 If this is true of the social system, it is certainly true of the production 
system. Once the main policies have been defined by management, produc¬ 
tion planning and control is the director and coordinator of the plant production 
operations, having a similar function to that of a brain coordinating an animal’s 
nervous system. The control furictions have a very important role in providing 
the main sources of feedback information to ensure necessary corrective actions. 
Effective communication systems are prerequisites to efficient control and are 
therefore of great concern to production planning and control. 

The ten functions of production planning and control were related in what 
might be regarded as a chronological order in the production procedure, which 
will be further discussed in Chapter 3. It is important to stress, however, that 
there is a very strong connection and interdependence between production 
planning and control and other industrial engineering functions, some of which 
are briefly described below. 

Plant Layout 

Layout not only affects the allocation of machines to perform given tasks, 
but it may also become an important factor at the design stage in selection of 
production processes. A rigid layout may hamper the integration of additional 

s Norbert Wiener, Cybernetics , John Wiley & Sons, 1948. 
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equipment in a specific production center, either through lack of space or 
limited mobility of the equipment . This may lead to long lines of transportation, 
which increase the total production costs and the amount of work in process. 
On the other hand, when there is little choice between processes, machines, or 
sequences of operations, changes in plant layout must often be undertaken in 
the light of production planning and control requirements, in order to achieve a 
satisfactory work flow. Thus, production planning and control is affected by the 
restrictions imposed on the system by the layout, and at the same time it may 
greatly contribute through evaluation to modifications in layouts. 

Simplification and Standardization 

Production of different components, models, or products leads to a demand for 
different types of materials and methods of fabrication. At the various stages of 
manufacture, variety may therefore occur in materials, bought-out parts, manu¬ 
factured components, minor and major assemblies, or finished products as well 
as in processes, methods of manufacture, tools, jigs and fixtures, machines, etc. 
Simplification and standardization are functions which aim at defining a limited 
variety of different types so that the basic requirements are satisfied and 
the efficiency of the plant is increased. Most aspects of simplification and 
standardization are the joint responsibility of several departments; e.g., the 
question of limiting the variety of finished products would involve the sales 
department, production departments, and the design office, while questions 
relating to. simplification of materials would also include inventory control 
considerations and perhaps involve the research and development department. 
Some aspects of simplification and standardization are the major responsibility 
of the production planning and control department, such as problems relating 
to machines and methods. 

Time and Motion Study 

This field is closely allied to efficient utilization of manpower and to scheduling 
problems. Time and motion study consists of two fields of activity: operation 
analysis and work measurement. 

1. Operation analysis or method study, which—as the name suggests— 
consists of evaluation, selection, and development of an efficient method to 
perform a given task. Operation analysis is concerned both with problems of 
limited scope (such as operator’s work-place layout, an activity study of a gang 
of operators, or correlation of machine-operator activities) and over-all studies 
of the process, in which all aspects of routing, plant layout, and scheduling may 
play an important role. 

2. Work measurement, which is concerned with establishing standard times 
for the various operations in the process for the estimating function in produc¬ 
tion planning. As already mentioned, no scheduling can even be attempted before 
some data on performance times become available. 
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From the foregoing remarks it should be appreciated that time and motion 
study is employed both at the planning and the control stages. Development of 
methods and information regarding the measurement of processing times can 
be obtained in two ways: 

(i) By synthesis, based on past experience of similar circumstances, where the 
same processes were employed. Synthesis is an important tool at the planning 
stage. 

(ii) By analysis of an existing production Method and measurement of 
operation times, when the process is already in action. This obviously belongs to 
the control stage, and information gathered in this way provides a basis for 
replanning and readjusting of production schedules, when these are proved to be 
unrealistic, and for data required for future synthesis. 

Although these two distinct functions of time and motion study are employed 
at different stages of production planning and control and for different purposes, 
they share the same philosophy, the same approach, the same techniques, and 
even if they can be divorced in time, they are essentially integral parts of the 
same field. 

Inventory Control 

The importance of materials availability at the various stages of production 
necessitates a mechanism of inventory control and stores organization. Inven¬ 
tories are a financial burden on the plant and management of stores may be very 
costly. Inventory control is sometimes a very complex function, as its policies 
are not dictated by internal needs and considerations alone but by external 
factors governing the purchasing of materials, such as vendors’ offers and terms, 
market availability, transportation problems, and credit terms. These external 
factors may influence both quantities and delivery dates of materials and com¬ 
ponents and have to be taken into account by any inventory control mechanism. 

Summary 

Production planning and control is a management tool, employed for the 
direction of the manufacturing operations and their coordination with other 
activities of the firm. In the production system, which is primarily defined by the 
dimensions of quantity, quality, time and price, the functions of production 
planning and control comprise: 

Materials (procurement, stock control, issue) 

Methods (processes, operations and their sequence) 

Machines (allocation and utilization) 

Manpower (availability) 

Routing (flow of work) 

Estimating (operation times) 

Scheduling (planning the production timetable) 
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Dispatching (authorizing the start of operations) 

Expediting (follow-up) 

Evaluating (assessing performance effectiveness) 

The work of production planning and control is closely interwoven with other 
ndustrial engineering functions, mainly those of plant layout, equipment 
>olicies, time and motion study, simplification, and standardization. 
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Problems 

(The reader may find that reading the first four chapters may be helpful before 
attempting the following problems.) 

. Analyze the importance of each of the functions of production planning and con¬ 
trol by discussing what ‘would happen if each one in turn were deleted. 

!. Scheduling is a planning function and expediting a control function. In a small 
firm it was proposed to allocate both responsibilities to one person. Would you 
approve of such a scheme? 

!. Analyze the following statements on the place of work measurement in produc¬ 
tion planning and control: 

(i) Work measurement can be carried out only when the process is in 
operation, and not at the planning stage. Hence work measurement is 
a control function for the purpose of computing bonuses, but as data 
about operation times are not available at the planning stage, schedul¬ 
ing is a superfluous function. 

(ii) Scheduling is essential in order to facilitate the control of load distribu¬ 
tion on the plant. Work measurement must therefore be a planning 
function, carried out on a “pilot plant” basis, all the operations and 
methods being tried out and measured quantitatively before the begin¬ 
ning of production. 

(iii) Unless work measurement is carried out under normal operating 
conditions, results are likely to be erroneous; hence measurement at 
the planning stage must be ruled out. On the other hand, scheduling 
must be performed before production starts. Therefore work measure¬ 
ment is not practical and is just a waste of time. 

. When asked to express his opinion, a foreman in charge of a machine tool shop 
said: “Why bother about production planning and control? Most of it consists 
of too much paper work, which has little bearing on reality. In our firm each 
foreman responsible for a section gets his instructions once a month together 
with drawings of the parts to be machined. It is then the foreman’s responsibility 
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to do all the routing, estimating, and machine loading within his section. When 
each task is finished, the production department is notified. If the parts have to 
undergo additional operations in another section during the same month, an 
order is issued to transfer the parts to that section. If not, the parts wait until 
the next date for monthly allocation of tasks. The system is smooth and efficient 
—and it works’’. 

Suppose you were assigned the task of analyzing the present system in order 
to determine its effectiveness. How would you set about doing it? 

A transport department of a firm is located at its headquarters, which is situated 
three miles from- the main production plant and about ten miles from the main 
stores, all three places lying approximately on a straight line. The transport 
department has to move personnel between all three centers, supply the plant 
with materials from the store, and remove finished products from the plant to 
the store; it also moves finished goods to the railroad station, which is situated 
about twenty miles either from the plant or from the store. These commitments 
may be classified as follows: 

(a) Ten trucks are required on Mondays and Thursdays to transport goods 
to the railroad station. The trucks finish unloading by lunch time. 

(b) Two truck loads are sent every day to move finished goods from the 
plant to the store. 

(c) Six truck loads are sent every second day to move materials from the 
store to the plant. 

(d) Personnel transport is carried out in passenger automobiles; orders are 
sent at random to the transport department, where all these automo¬ 
biles are centralized. 

The problems that have to be analyzed are: 

(i) Should the transport department be centralized, with all the vehicle 
fleet and its maintenance garage situated at headquarters? 

(ii) What is the best way to schedule removal of materials and finished 
goods? 

(iii) Supposing that commitment (a) cannot be changed but commitments 
(b) and (c) can be conveniently distributed during the week (assuming 
a five-day week), how many trucks are required, if experience has shown 
that one truck is often marked down for repairs or maintenance? 

(iv) Should trailers be purchased to relieve the load on the trucks? 

(v) What procedures should be adopted to cater for passengers transporta¬ 
tion under commitment (d)? 

How would you set about tackling these problems, what additional infor¬ 
mation do you require, how would you collect it, and what would you do with 
it when it is eventually available? 

What functions of production planning and control can be exercised in con¬ 
structing and controlling a timetable for a bus service along a specified route 
in a city? 
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Organization of manufacture and systems for its planning and control greatly 
depend on the type of plant in which they have to operate. The fundamental 
principles that guide the formulation of planning policy and its execution may 
be the same for all manufacturing concerns. But the emphasis on particular 
aspects of production management is a function of the specific requirements of 
the plant, and this emphasis is reflected in management approach to problems of 
inventory of raw materials and finished products, of machine selection and 
replacement, of machine setting and tooling, of scheduling methods, and of 
systems of follow-up and general control. 

Three main factors may be said to determine the place of production planning 
and control in an organization: 

1. The type of production; i.e., the quantities of finished products and the 
regularity of manufacture 

2. Size of the plant 

3. The type of industry; i.e., the field of specialization of the plant 

Types of Production 

There are eight types of production, which may be grouped under three 
headings, according to the quantities involved: 

Job production 

This is the manufacture of products to meet specific customer requirements 
Df special orders. The quantity involved is small, usually "one off” or "several 
3ff,” and is normally concerned with special projects, models, prototypes, special 
machinery or equipment to perform specialized and specific tasks, components 
3r assemblies to provide replacement for parts in existing machinery, etc. Large 
:urbo-generators, large engines, boilers, processing equipment, special electronic 
equipment, materials handling machines, shipbuilding, and many other manu¬ 
facturing activities are of the job production group. 

Three types of job production can be defined, according to the regularity of 
manufacture: 

1. A small number of pieces produced only once 
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2. A small number of pieces produced intermittently when the need arises 

3. A small number of pieces produced periodically at known time intervals 

When the order is to be executed only once, there is little scope for improve- 
?nt of production techniques by introducing intricate method studies, special 
ols, or jigs and fixtures, unless the technical requirements justify it. But, if 
e order is to be repeated, tooling and jigging as well as specially designed 
spection gages should be carefully considered because the effect on production 
ne may be appreciable. 

Repeated orders for the same items usually do not require repeated planning, 
'act that is reflected in the production costs of the product. Production control 
also simplified in the case of repeated orders: The dispatchers and expeditors 
e familiar with the design, and from their past experience they can watch out 
r any expected difficulties in the course of production. The planning and control 
schedules also becomes a simpler task when orders are repeated, especially 
regular intervals, and a master schedule can be constructed in which produc- 
>n time is balanced against plant capacity. But such a state of affairs is rather 
re. Usually the majority of job production orders are executed only once, 
d only a small percentage of them are repeated regularly or intermittently. 
Scheduling is dependent on assessment of production times, and estimating 
though it can be greatly improved by experience and skill of estimators) is 
sed on judgment and is too often reduced to a rule-of-thumb affair. Scheduling 
ist therefore be constantly amended to take account of reality, and this factor 
s a serious bearing on assessments of delivery dates. The output of the shop is 
linly governed by plant capacity, and as soon as the load presented by in¬ 
ning customers' orders exceeds this output, a queue of orders is formed. 
ben immediate increase of plant capacity is impracticable, the length of the 
eue is a major factor governing the sales policy of such a plant, and a certain 
lount of discrimination in order selection may be essential. 

tch production 

Batch production is the manufacture of a number of identical articles, either 
meet a specific order or to satisfy continuous demand. When production of the 
tch is terminated, the plant and equipment are available for the production 
similar or other products. As in job production, policies regarding tooling, 
tores, and other aids are dependent on the quantities involved. If the order is 
be executed only once, there will be less justification for providing elaborate 
xluction aids than when the order is to be repeated. 

[n batch production, too, three types can be mentioned: 

L. A batch produced only once 

2. A batch produced repeatedly at irregular intervals, when the need arises 
5. A batch produced periodically at known intervals, to satisfy continuous 
demand 
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Here, again, planning and control become more simplified as quantities 
increase and as manufacture becomes more regular. Two principal problems 
arise in batch production: the size of the batch and the scheduling of production. 

The solution to these problems depends on whether production is governed by 
external orders only or whether the plant is producing for internal consumption. 
In the case of external orders, the batch size is normally determined by the 
customer to suit his specific circumstances. The plant, in this case a vendor, is 
mainly concerned with the effects of these orders on its production schedules 
and with the issues arising out of having to meet set delivery dates. When the 
plant produces to stock, both the batch size and scheduling problems are matters 
for internal management decisions. The problem of optimal batch sizes has to 
take into account the setup costs, which are involved before each production 
run, and the carrying costs incurred when the finished product is held in stock. 
The batch size determines the length of the production run and affects both the 
production schedule and batch size considerations of other products. These 
problems are further discussed in Chapters 10, 11, and 14. 

Batch production is a very common feature in industry. Machine tool work, 
especially capstan and turret lathes, press work, forging and casting processes, 
some glass manufacturing, and chemical processes very often operate on a batch 
basis. 

Continuous production 

Continuous production is the specialized manufacture of identical articles on 
wilich the equipment is fully engaged. Continuous production is normally 
associated with large quantities and Vith a high rate of demand. While in the 
job and batch classes the rate of production normally exceeds the rate of demand, 
continuous production is justified only when its rate can be sustained by the 
market. Here, full advantage should be taken of repetitive operations in the 
design of production auxiliary aids, such as special tools, fixtures, positioners, 
feeders and materials handling systems, inspection devices, and weighing and 
packing equipment. 

Two types of continuous production can be defined: 

1. Mass production 

2. Blow production 

The difference between the two types is mainly in the kind of product and 
its relation to the plant. In mass production, a large number of identical articles 
is produced, but in spite of advanced mechanization and tooling, the equipment 
need not be specially designed for this type of article alone. Both plant and 
equipment are flexible enough to deal with other products involving the same 
production processes. If management decides that a certain line should be dis¬ 
continued, the machinery pan be switched over to produce another article, and 
such a change in policy will usually not involve major modifications in plant lay¬ 
out, although changes in tooling may be quite substantial. A shop of automatics 
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is an example associated with mass production. Although the automatics 
may be continuously engaged on the production of, say, a certain type of 
pinions, they can be switched over to production of screws or similar machine 
elements when the need arises. Another example is a highly mechanized press 
shop that can be utilized for the production of different components or products 
made of sheet metal, without having to introduce major changes in the shop 
layout. 

In flow production, the plant, its equipment, and layout have been primarily 
designed to manufacture the product in question. Flexibility in the selection of 
products for manufacture is confined to minor modifications in layout or 
designs of models. Notable examples are automobiles, engines, household 
machinery, chemical plants, etc. A decision to switch over to a different kind of 
product may not only result in extensive tooling (this is often needed even when 
only the model is changed) but also in basic changes in layout and equipment 
policy, especially when special-purpose machines and complex materials hand¬ 
ling systems are involved. 

Production planning and control in continuous production is usually far 
simpler than in job or batch production. Extensive effort is required for detailed 
planning before production starts, but both scheduling and control need not 
usually be very elaborate. The output is either limited by available capacity or 
regulated within given limits to conform to production targets based on periodic 
sales forecasts. 

There are many cases where plants are not confined to one particular type of 
production. Even very large plants engaged in manufacturing end products of 
the flow type resort very often to batch production of most of the components 
required for the assembly line. This situation arises from uneven production 
rates of different components, which cannot always be adjusted by engaging 
more machines or manpower on the “slow” items. Also, the rate of production 
of some “‘quick’ 5 items may exceed by far the rate of demand on the assembly 
line, so that different parts may have to be produced in succession on the same 
machines, leading to a clear case of hatch production and inventory problems. 
Production planning and control in such plants may become rather involved 
because of the different types of production which are simultaneously employed 
in various departments. 


Size of Plants 

The size of plant has a relation both to the organization of the Production 
Planning and Control Department and to its procedure. The larger the plant, 
the more complicated its activities and the larger the number of employees; 
consequently the more complex becomes the organization of the department and 
the more necessary it is to draw demarcation lines to divide and define activities 
and responsibilities. In small plants less formality is required; i.e., more verbal, 
instructions and exchange of information facilitates and lessens paper work. 
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By what factor is the size of plant measured? Is it the number of employees, 
the capital investment, the annual turnover? All three criteria are sometimes 
used, but for our purpose the first one is useful in illustrating the large number 
of small plants that exist both in America and in Britain. Analysis of industries 
in the two countries, showing the size of distribution of plants according to the 
percentage of employees, is given in Tables 2-1 and 2-2, from which it appears 
that the number of plants employing less than 500 is over 98 per cent in both 
countries. 1 (See also Fig. 2-1.) The predominance of small and medium size 
plants should therefore be borne in mind when studying the applications of 
production management principles in industry, particularly so when one is 
aware of the fact that many so-called large plants are actually a horizontal 
integration of several small plants, the general activities of which are being 
outlined at the head office. 



Cumulative Percentage of Employees 


Figure 2-1. Distribution of employees in Britain and the 
United States . 

Numerous problems are connected with production planning and control of 
large enterprises. They vary in character and complexity with the size and 
organization of the plant, but most of them are related to the question: Should 
planning and control be centralized or decentralized ? There are naturally many 

1 The percentage in the ILK. is 95, but only figures for plants with over 11 employees 
are available. 
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Per cent of establishments 39.7 32.5 14.3 7.57 4.06 l,8fr 

All employ oob 1,037,440 25,165 120,027 185,393 215,015 224J17 261^026 

Per cent of employees 2.47 12.2 17.9 20.7 21.6 25.2 
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Fetroloum and coal products: 

Number of establishments 1,381 700 333 172 90 46 40 

Per cent of employees 50.7 24.2 12.5 6.52 3.33 2.95 

All employees 215,843 5,316 16,179 25,892 32,996 32,762 102,680 

Per cent of employees 2.46 7.50 12.0 15.3 15.2 *47.6 
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* Includes privately owned or operated establishments, or both, engaged primarily in manufacture of ordnance material and accessories, 
Source: Statistical Abstract of the United States - Bureau of Census, Washington, 1958. 
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advantages to centralization of methods planning, sfandaidizaf ion, and nimpli 
fication of products and materials and, in particular, purchasing and storing of 
raw materials arid standard components. (lentmlized activities of thin fund ensure 
the best use of facilities and past experience in an enterprise. Home activities of 
various manufacturing sections or subsections or Mubplauts are no interrefuted 
(such as problems of transportation, materials handling, layout, output, equip 
ment and labor policies, investment, etc.) that centralized planning is absolutely 
vital, while in many other fields the least that is required is efficient coordination 
of policies and operations. On tins other hand, too centralized planning and eon 
trolis often cumbersome, detached from reality, and slow to react, It is obvious 
that operation between these two extremes should be selected to ensure efficient 
functioning of the enterprise and its plants. 

Typos of Indusiry 

Another factor that has a hearing on the organization of production planning 
and control is the type of industry, i.e., the (add in which the plant, speeializes. 
Industries can be classified into typos by several methods; by availability of 
different kinds of labor in different geographical locations, by the demand for 
different grades of skills, and by factors relating to investment policy, hut 
normally aspects that characterize the production itself are considered a eon 
venient method for classification. In particular, aspects relating to three stages 
in production can he considered; namely, materials, processes, or end products. 

Division by materials (o.g., iron, copper, aluminium, rubber, hydrocarbons) 
is not always practical because industries use different materials in the course of 
manufacture and only rarely can typical groups in this manner be obtained. 
Classification by end products is logical, since it immediately tells us something 
about the materials, methods, and perhaps skill that is involved, and each of the 
classes obtained in this manner has a common denominator comprising problems 
typical to all its members. This classification, however, is rather complicated, 
first because of the astronomical number of different products that could be 
named and secondly because many plants manufacture more than one prod net. 

A simpler method is division by major production processes snob as metal 
fabrication (or engineering industries) and chemical processes, Hueh grouping 
covers a wide range of end products, but problems in manufacture and orguniza 
tion are similar for plants of the same size in the group engaged on the Harm* type 
of production. Even with such a broad classification it is not always possible to 
make a clear-cut division, and the plant is often labeled according to the main 
activity it is engaged on, though it may employ additional processes and raw 
materials that are by no means characteristic of the “type of industry'’ it is 
supposed to be part of. With such grouping in mind, the U.H. Census of Manu¬ 
factures mentions 21 industries and the British Census of Production nmr.es 11. 
The industries classified in this way are shown in Tables 2 l and 2 2 
Is there any correlation between typos of industry and type* of production? 
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other words, is it possible to generalize as far as production planning and 
atrol principles and methods are concerned and thus produce “cookbook 
iipes” outlining precise techniques for various industries? 

A recent survey of British industries, carried out by a joint committee of the 
stitute of Cost and Works Accountants and the Institution of Production 
igineers, is given in Table 2-3. 2 A sample of 229 plants in 14 industries was 
idied and classified into types of production. One serious criticism may be 
r eled at the manner in which the sample was selected, namely, at the compara¬ 
bly low percentage of small plants in the sample. Only 73 plants out of 229 
d less than 500 employees each, i.e., about one-third of the entire sample, 
Lereas the proportion of small plants in industry is far larger (see Table 2-2). 
ith all its limitations, however, the sample may give some indication as to the 
ture of production employed. 


Table 2-3 

Relation between Type of Industry and Type of Production * 

(A sample from British industry) 

No. of No. with Largest Smallest Type of Production 

pe of Industry Plants in under 500 No. of No. of - 

Sample Employees Employees Employees Job Batch Continuous 


Bricks, ceramics, 
glassware 

9 

2 

15.380 

170 

_ 

5 

4 

Chemical manu¬ 
facture 

9 

3 

1,150 

50 

_ 

2 

7 

Metal manufacture 

6 

1 

7,770 

376 

- 

1 

5 

Engineering 

121 

37 

21,880 

40 

30 

72 

19 

Vehicles and 
accessories 

14 

1 

17,120 

345 

_ 

8 

6 

Metal goods, not 
elsewhere 

18 

7 

11.904 

60 

2 

13 

3 

Precision 

instruments 

8 

3 

3,000 

180 

1 

6 

1 

Textiles 

12 

3 

4,000 

175 

- 

7 

5 

Leather, leather 
goods 

2 

1 

570 

220 

_ 

2 

_ 

Clothing 

8 

2 

2,000 

40 

- 

8 

- 

Food, drink, and 
tobacco 

5 

o 

1,800 

150 

_ 

1 

4 

Manufactures in 
wood and cork 

1 

1 

350 

350 

_ 

1 

_ 

Paper and printing 

6 

4 

1,000 

300 

1 

4 

1 

Rubber, toys, 
plastics, etc. 

10 

6 

2,300 

SO 

- 

10 

- 

Total 

229 

73 



34 

140 

55 


Production Control and Related Works Statistics, The Institution of Production Engineers. U.K., 1956. 


With a few exceptions (leather, clothing, and rubber) it would seem that no 
lustry is confined to one type of production. Continuous production appears 
be mainly characteristic of the chemical, metal manufacture, food, drink, and 

1 The similarity in structure of United States and British industries would suggest that 
imilar state of affairs probably exists in United States industries. 
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tobacco industries. Batch production recurs in all industries; indeed it accounts 
for 61 per cent of the sample, and one might even have expected a larger per¬ 
centage, had the sample been a more typical cross-section of industry. Some 
groups produce mainly or solely in batches, while job production occurs only in 
four industries. As batch production is far more complex as regards production 
planning and control than continuous production, and particularly in view of its 
important position in industry, its problems need very careful study in order to 
ensure the proper application of production management principles in the 
planning stage, mainly in the analysis of methods and scheduling. 

Summary 

Modes of manufacture, which may affect production planning and control 
systems, include three main relevant factors: types of production, size of plants, 
and types of industries (classified by major processes or products). There are 
three type-groups of production: job, batch, and continuous. Plant size has a 
very wide distribution, but the majority of plants are of small or medium size. 
Generally there is no connection between types of production and industries, but 
there are a few exceptions. Batch production seems to occur in all industries, 
while job production is mainly employed by engineering plants. Continuous 
production prevails in many industries but is mainly typical to those involving 
chemical processing. 
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Problems 

1. Give examples for each of the eight types of production. 

2. (a) Bo production planning and control systems for large plants and small 

plants have anything in common? 

(b) Should a small plant adopt a successful production planning and control 
system from a large plant? Why? 

3. Assuming equal size plants employing similar processes and engaged on the same 

type of production can use precisely the same production planning and control 
system with all its details and trimmings, if you were asked to specify systems 
for all such classes of plants in industry, what would your reaction be? 

4. Give an example of a large enterprise that consists of many small or medium 

size plants. 
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5. Use United States Census of Manufactures or Statistical Abstracts to construct 

Fig. 2-1 and find whether any considerable changes occurred after World 
War II. 

6. A chain of supermarkets in a city is fed with goods from a central store where 

inspection of all merchandise received from suppliers is carried out. Inspec¬ 
tion is performed in two stages: (a) acceptance inspection, to ensure that goods 
received are as per order; (b) inspection prior to issue to the supermarkets. This 
procedure applies to ail types of goods without exception. 

For issuing and storage purposes the goods are classified in three categories: 
(i) Perishables, such as vegetables and fruit, which are brought to the 
central store every morning after dawn and supplied to the super¬ 
markets in the morning before opening time 
(ii) Semiperishables, such as meat, which are supplied to the supermarkets 
every second day 

(ill) Xonperishables, such as canned food, which are supplied to the super¬ 
markets once a week 

In your view, should these three categories be treated according to the same 
procedure? What alternatives can you suggest and how would you decido 
which to adopt? 

In what ways would the system of ordering goods by a supermarket manager 
differ from the system that should be adopted by the central store? 
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PRODUCTION PROCEDURE 


The type production and industry, and naturally the sales volume, pre¬ 
scribe the general framework of production management and dictate basic 
modes of internal procedures. In flow and mass production, with a constant load 
on the manufacturing departments, the procedures are found to be relatively 
simple. A suitable system of communication circuits and methods of control 
have to be set up in order to ensure that deviations from the planned schedule 
are recorded, as they occur, and that corrective actions are promptly taken. 
Ideally, this should become a self-regulating control mechanism. The procedures, 
however, become more complicated with an increase in the number of operations, 
number of parts involved, or the variety of products in the firm. These, coupled 
with fluctuations in demand and intermittent manufacturing, have a marked 
effect on the plant efficiency. 


The Production Cycle 

To appreciate the role of production planning and control as a vital tool in the 
complexities of production management, let us examine the framework within 
which the production order is initiated. The production procedure is described 
in Fig. 3-1, where the main flow-channels of instructions, information, and 
materials are shown. The cycle starts and ends with the customer: 

1. The sales department studies the reception of products in the market and 
consumer reactions to new modifications and designs. Market research is also 
carried out regarding proposed new products. 

2. The collected data are analyzed by the sales department, which prepares a 
sales forecast with a breakdown of products and models as a function of time 
periods. The detailed forecast is submitted to management. 

3. A production budget is prepared by the financial department, in consul¬ 
tation with the manufacturing department. The proposed budget and the sales 
forecasts are closely scrutinized by management, and a decision is taken re¬ 
garding the annual or semiannual quantity to be produced. 

4. The engineering department is instructed to prepare drawings, parts lists, 
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and specifications, or to check and modify existing ones. The manufacturing 
budget is then adjusted accordingly. 

5. The vice-president or the head of the department responsible for manu¬ 
facturing is authorized to start production, and instructions are issued to the 
production planning and control department, specifying quantities, delivery 
schedules, etc. 

6. The technical information is obtained from the engineering department 
(including drawings, parts lists, specifications, standards, etc.) and passed on to 
the planning section. 



Figure 3-1. Production consumption cycle . 


/. One of the first functions of the production planning and control depart¬ 
ment is to be well informed about availability of materials and expected delivery 
dates of materials already ordered. Production planning is carried out and 
detailed schedules are prepared. 
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8. The inventory levels are checked to determine the orders for procurement 
of materials and standard parts that have to be issued. Parts and assemblies 
that are subcontracted are also ordered by the purchasing department. 

9. The purchased materials and parts are inspected prior to acceptance and 
are stored until instructions are obtained to release them to the shops. 

10. The production planning section supplies complete data on methods, 
machine loading, and utilization, as well as production schedules, to the control 
section for dispatching. 

11. The control section releases orders for materials, tools, fixtures, etc. 

12. Orders are issued to the shop. 

13. Detailed production orders are dispatched to the shop by the production 
control section, specifying what, how, when, and where operations should be 
performed. The control functions are carried out throughout the manufacturing 
period, and progress is constantly compared with the planned schedules so that 
suitable modifications may be considered and incorporated when required. This 
necessitates a close and permanent contact between the control section and the 
manufacturing departments, to facilitate a constant flow of information and 
instructions. 

14. Inspection orders are released. The purpose of quality control during the 
production processes is to ensure that the specifications as laid down are con¬ 
formed with. Final inspection of the parts is carried out before the product leaves 
the shop and moves to the finished parts or products store. 

15. Evaluation of the production operations is the main pillar of the control 
function and has to be carried out both during and after these operations. In¬ 
spection reports are one facet of evaluation, and they form the basis for correc¬ 
tive actions in the processes or methods, and sometimes even for modifications 
in the specifications of raw T materials. 

16. The production planning and control department reports on the progress 
of the w'ork to the vice-president responsible for manufacturing. These reports 
are also studied by the financial control department. The control section also 
evaluates data obtained from the shops about operation times, idle time of men 
and machines, causes and effects of breakdowns, trends in the fluctuations of 
output, etc. Action initiated by the control section as a result of such reports has 
to be followed up, and its evaluation should also be reported to the vice- 
president. 

17. Management receives interim and final reports from the vice-president 
manufacturing. 

18. Management also receives a report from the financial department, after 
which a final evaluation can be made. 

19. The finished product is transferred (after inspection) to stock. 

20. Finally the product is sold to the customer, w r ho, after comparing the 
product characteristics with those of its competitors and with his expectations, 
is ready to contribute his views and reactions to market researchers. 
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It is evident from this outline that the production procedure involves the 
cooperative and coordinated effort of all the departments of the enterprise. Even 
when the functions of each department are clearly specified and well understood, 
the departments cannot operate independently as disjointed limbs. They have 
to perform as parts of an integrated body, and the purpose of the procedure 
described above is to specify where and in what form their efforts are required, 
and what kind of flow information should be constantly maintained. 

Coordination of Production Decisions 

Numerous decisions have to be taken at the various stages of planning and 
control, and the task of decision making becomes rather complicated when the 
issues and variables involved are interconnected and interdependent. Every 
decision imposes restrictions on the other problems that have to be settled. Also, 
what may seem good for one purpose may be undesirable from other points of 
view, and each issue has to be constantly analyzed, keeping the over-all target 
in mind. 

Some of the problems and decisions that are involved are summarized in 
Table 3-1. On each subject, management is presented with certain facts, and 
within this given framework the task is to adopt a course of action that will 
optimize the final result. To achieve even better results, the decision in some 
cases may include taking steps to modify this framework, even when great 
expenditure is involved. The subjects under consideration can be classified under 
three headings: the objective (i.e., the product that is to be manufactured), the 
subobjectives (components and assemblies from which the product is made), and 
the means (i.e., the required facilities to manufacture and subsequently assemble 
these components): 

The product 

From the preceding production procedure outline, and from Chapter 5 dealing 
with product development and design, it is clear that information about desirable 
product characteristics is a prerequisite to any production planning, although 
at various stages the production departments have to be consulted well before 
the design is finalized. Each of the items listed as “facts” is closely connected 
with production issues (such as selection of processes and materials, standardiza¬ 
tion considerations, equipment loading, and available capacity), and these may 
in turn affect certain facets of the design characteristics. The main departments 
which contribute to the basic data under the column “facts” are those of sales, 
research and development, engineering, and finance. The production planning 
function includes the problems listed in the column “planning,” and the type of 
the decisions that have to be taken in conjunction with planning are self- 
evident from the headings in the list and are very briefly described below: 

1. The annual or semiannual volume has to be divided into a number of 
batches, if the production is not of the continuous type. Even in continuous 
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)roduction it is often found that components or assemblies have to be batch- 
jroduced. To be decided: what size batches and in what manner should they be 
paced ? (Responsibility of the control function in this respect w r ould be to check 
:he validity of the assumptions and data in the light of a postoperational cost 
malysis and to establish the cause or justification, or both, for discrepancies 
>etween these assumptions and the actual data.) 

2. What does quality imply in terms of minimum requirements, as far as 
naterials, processes, or workmanship are concerned? (Control function: Evaluate 
;he design specifications after comparison of the quality obtained with the 
lesirable quality.) 

3. What possible materials, methods of manufacturing and processes should 
3e considered? 

4. How should the product be divided into assemblies? "What is the best 
sequence of operations, and what production departments are involved? 

5. How r should the individual operations be integrated as a function of time, 
imd what buffer stocks should be specified to ensure continuous flow in the shops? 
Control function: How much work in process and why?) 

6. Setting the schedules, both the over-all (master) and detailed. (Control 
unction: Why are there queues and bottlenecks, and what is their effect 
quantitatively? What breakdowns and stoppages contribute to deviations from 
he schedules? Can they be avoided? If so, how?) 

7. How should the product be inspected? What criteria determine whether it 
informs to the specifications in its physical or chemical properties and its 
imctional characteristics? Very often, in order to ensure objectivity and 
‘airness, the actual decision about inspection methods is not taken by the 
)roduction planning and control department but by the engineering or research 
md development departments. The manufacturing departments are consulted 
md kept informed about any procedure that is finally adopted. (The control 
unction: Evaluation of inspection results to ensure that immediate corrective 
ictions are taken and scrap is kept to a minimum. Also: What other causes 
contribute to scrap? How does it affect the scheduled quantities, and should 
eplacement be ordered? How best could the scrap be utilized? What possibilities 
exist to develop by-products?) 

[he Components and Assemblies (or semifinished products) 

Generally, in manufacturing, several semifinished products are involved in the 
mal assembly or shaping of the product. In the metal, electrical, wood, plastic, 
md allied industries, these semifinished products are parts or subassemblies; in 
he chemical or food industries they are the various chemical compounds or 
ngredients that have to be used for the final reaction or mixing process. The 
ivem data about these semifinished products would include design details (or 
Lescription of properties), functional requirements, and interchangeability 
pecifications to allow the use of the same components in different models (or 


Summary of Planning and Control in the Production Procedure 

Fact# Planning Control 
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. Management Systems of communication mid Redesign of eoinmuuieation and control 

* control systems 

Adaptability to changing Management training 

situfttions 
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Soquonco of operations Evaluate effect of methods on 

Donning methods for execution of work efficiency 
Planning movement of materials and 
operators 

Design of production centers and layout 




Table 8-1—(Continued) 

Summary of Planning and Control in the Production Procedure 
Facia Planning 
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the two. (Expediting subcontractors and a continuous analysis of cost and quality 
are within the responsibility of the control function.) 

4. Questions of sequence of operations in relation to plant layout have to be 
settled, after which process charts, routing, and operations sheets can be 
prepared. When changes in the sequence are possible, effect of machine loading 
and scheduling has to be taken into account, and this interdependence of 
sequence and machine loading has to be resolved. 

5. Scheduling operations and delivery dates, planning buffer stocks and 
storage space, and specifying a communication system require perhaps the most 
crucial decisions at the planning stage. (The control functions: studies of work 
in process, queues, bottlenecks, breakdowns, and other characteristics of the 
schedule, as already outlined in connection with the final product.) 

6. Decisions about inspection of components resemble those that are taken 
with regard to the final product. Again, in most cases, the inspection procedure 
and methods are not laid down by the production planning and control depart¬ 
ment. (Control functions: Can the specifications, snch as dimensional tolerances, 
strength, and composition, be met economically by the available processes?) 

'The Means 

The facilities or factors that combine to make the product may be grouped 
under seven main headings, conveniently labeled the 7 M’s. These, it should be 
noted, include the 4 M's (namely: materials, methods, machines and manpower) 
that are the more specific resources associated with the production planning 
and control department. While the other facilities (management, most personnel 
problems, money, matrix) are not within the framework of this department’s 
responsibility, they naturally affect its decisions, which must always be taken 
with the general background in mind. 

1. The skill and potentialities of management of all echelons is of prime 
importance, if a company is to attain its goals and an increasing rate of effective¬ 
ness. Planning includes the design of procedures and systems of communications 
that would ensure effective control. It also covers the field of management 
training, both of a short- and long-term nature. 

2. The structure, working conditions, interrelations, and morale of the labor 
force are all factors that determine the potential capacity of the organization 
to perform its task. 

(i) The planning of task assignment and utilization of manpower is among 
the responsibilities of the manufacturing department and the personnel 
manager, as well as problems of load fluctuations and their consequences, as far 
as hiring and firing of men is concerned. A constant rate of production employing 
a constant labor force is desirable on many counts. It facilitates better utiliza¬ 
tion of men and machines, it saves capital expenditure on equipment, it allows 
the operators to become more skilled in their jobs, and no time or money is 
repeatedly lost in training for the job until proficiency is gained. Furthermore 
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the feeling of security of the men can greatly contribute to their effectiveness. 
These considerations are particularly acute in an industry with a marked 
seasonal demand. In terms of full employment it was found that seasonal firing 
and hiring may lead to situations where the required skills are not available on 
the labor market, and some form of production smoothing is necessary if the 
demand at the height of the season is to be met. (Control functions: Are men 
employed on tasks for which their skill is suitable? Is supervision effective, and 
how can it be improved? How is effectiveness associated with the length of the 
production run, or what are the mechanics of the learning curve?) 

(ii) The planning of working methods that will ensure better utilization of 
facilities, as well as make work more convenient and less strenuous, is a produc¬ 
tion planning and control department responsibility. (Control functions: time 
and motion study.) 

(iii) The planning of working conditions, incentives, and training is a general 
planning function not usually connected with any particular production run. 
(Control functions: study of output per operator, study of absenteeism, evalua¬ 
tion of the effect of training on output and on adaptability of personnel to 
changes in tasks and methods.) 

3. Finance planning functions (which are the responsibility of management 
and the financial department) cover the utilization of the firm’s financial re¬ 
sources and include: 

(i) How best should the financial resources be allocated in terms of the 
company’s activities? How much should be invested in design and development, 
manufacture, sales, and promotion of each product or line? What policy should 
be adopted regarding expansion, buildings, machine replacement, basic research, 
and training? (Control function: How do the prospects of return on the capital 
invested compare with investment prospects elsewhere?) 

(ii) Once the policy of allocation is determined, what are the best tech¬ 
niques and methods that should be used to convert financial resources to other 
facilities? 

4. The matrix comprises the buildings, grounds, storage and manufacturing 
space, transportation systems, and the layout as a whole, and these components 
naturally have their limitations. Too often it is realized that they are far less 
flexible than one could wish for. Changes and modifications are usually a lengthy 
affair and must be planned with the total manufacturing load and future trends 
in mind, rather than for any specific product. Planning of relayout, materials 
handling systems, expansion schemes, and redesign of buildings are not within 
the scope of the production planning and control department. 

Materials , methods and machines 

As already indicated in Chapter 1, the effective utilization of materials, 
methods, and machines is the responsibility of the production planning and 
control department. Problems of allocation, balancing, and coordination are the 
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essence of production planning, and naturally provide the framework within 
which a multitude of possible alternatives have to be weighed. These are con¬ 
sidered as items 5, 6, and 7 in the following paragraphs. 

5. The breakdown of the production target volumes by products provides the 
basic data for specifications of materials as to quantity, quality, chemical, and phy¬ 
sical and dimensional properties. It is a function of the purchasing department 
to provide information as to the availability and delivery dates of these materials. 

(i) Study of standardization and simplification of materials (a joint 
responsibility of the production planning and engineering departments), to 
reduce the variety in the stores, enables the purchasing department to secure 
more favorable terms when larger quantities are ordered or to reduce the total 
safety stock that has to be carried, or to effect both advantages. 

(ii) If ordering lead times (periods of time that elapse from the dates of 
orders to corresponding dates of deliveries) are too long, or when they are 
associated with uncertainties, alternative materials have to be studied. 

(iii) A prime decision to be made in materials purchasing is the determina¬ 
tion of quantities to be bought and level of safety stocks to be maintained. How 
should the materials be tested before acceptance? How and when should materials 
be issued to the shops? (Control functions: use of acceptance testing to rate 
vendors and to study fluctuations of quality characteristics; study of deteriora¬ 
tion and obsolescence of materials in stock, and effectiveness of maintenance of 
materials and components while they are kept in the stores; dispatching and 
expediting procedures; quantity control of stock levels.) 

6. Methods planning falls into three main categories. 

(i) Selection of production processes to perform the operations and to 
determine the sequence of operations takes into account the technical, econo¬ 
mical, and scheduling processes. 

(ii) Process conditions, such as feeds, speeds, lubricants, temperature, 
pressure, flow, and operator’s motions, must be contained in specifications. 
(Control function: time and motion study: study of optimal process conditions.) 

(iii) Materials handling systems must be designed. (Control functions: 
Study of flow and bottlenecks and effect of handling on layout and work in 
process.) 

7. In working out the capacity of machines and equipment, it is necessary to 
allow T for setting-up times, maintenance, and possible breakdowns. The machine 
cards include details about previous commitments so that the available machine 
capacity can be calculated, 

(i) Selection of the machine to do the job, planning how to use the machine, 
what other auxiliary equipment should be used (such as tools, jigs, and posi¬ 
tioners), how to feed and how~ to eject the work from the machine, etc., has to he 
done in conjunction with methods planning and motion study. Requisitions for 
the purchase and issue of tools and other aids must also be planned. (Control 
function: Expediting.) 
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(ii) Scheduling is preceded by time estimation and machine loading. 
Scheduling could almost be described as the point of culmination of the plan¬ 
ning functions, the stage where all the information and prior planning decisions 
have to match each other and build into one mosaic, in which allowances have 
been made for all the time and physical restrictions that have been imposed on 
the system. This is why in Fig. 1-1 the first feedback is shown after scheduling. 
If the building stones of the mosaic do not match, or if the over-all picture does 
not live up to the designer’s expectations, previous decisions have to be recon¬ 
sidered, modified, or completely reshaped. (Control functions: Study of delays, 
breakdowns, machine utilization, machine interference, and effects of deviations 
from the initial assumptions on the scheduling model.) 

(iii) Planning machine replacement and standardization of the equipment 
is mainly concerned with the more distant future, although replacement or 
acquisition of additional equipment may sometimes be associated with specific 
production runs, and not with policy equipment as a whole. 

Departmental Responsibilities 

Planning and control of operations and effective utilization of facilities, as 
summarized in Table 3-1, play an important role at all stages of the production- 
consumption cycle described in Fig. 3-1. Some over-all planning and control 
functions are retained by management as its own tools, but most of the responsi¬ 
bility for planning, operation, and control is delegated to the various depart¬ 
ments; the time span of this active responsibility is shown schematically 
in Fig. 3-2. When this active responsibility terminates, the respective depart¬ 
ments may become actively engaged in the production cycle of another product, 
since the production-consumption cycles of the various products are displaced 
in time in relation to each other. Also, it should be appreciated that not every 
function mentioned in Table 3-1 is repeatedly exercised for every production- 
consumption cycle. When a product has to be remanufactured, most of the 
information and planning associated with the first production cycles of that 
product can be used in subsequent cycles, so that proceedings prior to manu¬ 
facturing can be considerably cut down. 

Some functions may also be undertaken jointly for several production cycles 
in the form of periodical planning or evaluation projects, such as layout studies, 
expansion, and equipment replacement analysis, and these may be carried out 
either concurrently with active participation in production-consumption cycles, 
or between them. Figure 3-2 does not include continuous functional responsi¬ 
bilities that are not actively associated with one particular production-consump¬ 
tion cycle but are related to over-all operational effects or general trends in the 
activities of the organization. These include training of personnel, development 
of managerial control systems, equipment and stores maintenance, inventory 
control, working conditions and social benefits to operators, etc. 

One of the interesting, and perhaps vital, features of the inverted pyramid in 
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Figure 3-2. Time span of departmental active responsibilities . 


A—Research and development is started. Usually this is done after research gives some 
indication, as to the prospects of the product in the market, but sometimes the 
initiative begins at the research and development department, and market research 

follows. 

B—Order is released by management to start on detailed design of a new product or 
modification of an existing one. 

C—Production planning and control department responsibility begins even before the 
design is completed. 

H—Point where first batch is out of the plant and ready for sale. 

A-H—Lead time for research before product becomes available. 

B~D—-Design period. 

B-H—Lead time for design. 

F-I—Manufacturing period, including transfer of finished products to the stores. 

C-J—Period of active participation of the production planning and control department. 

E-G—Period of time required for adjustment of facilities, such as purchasing of materials, 
tools or machinery, hiring and training of personnel for specific operations in the 
production cycle, changes in the layout, installation of material handling systems, 
provision for storage space, etc. This period normally starts soon after the production 
control section assumes responsibility and ends before the first batch is fully pro¬ 
cessed through the shops. The function of facilities adjustment belongs to the 
purchasing, personnel, production and plant engineering departments, each one 
performing the appropriate adjustments within its own precincts. 

1— Research and development period, normally required only for new products. 

2— Production planning and control overlap, since requisitions for purchase of materials 
and tools must be done in time. 

3— Inspection of materials begins before manufacturing. 

4— Inspection of finished product must necessarily be carried out after termination of 
the manufacturing process at point I. 

5— Production control proceeds with the evaluation function after point I. 
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Fig. 3-2 is that there is always overlapping of active responsibilities, so that 
planning, operation, and control follow in a continuous fashion and no gap 
occurs at any time in the over-all cycle. The left side of the pyramid denotes 
the successive stages of planning, each stage obtaining processed data from the 
preceding stage. This accumulated flow downward, so to speak, facilitates the 
integrated production planning and other preparations to be performed, before 
the first batch of products is finished. The right side of the pyramid consists of 
the various departments that evaluate the progress of the operations and report 
to a higher authority. Here, too, actions of departments at certain stages depend 
on the analysis performed by the others, but progress and evaluation reports 
are almost independently made. This is why overlapping is far greater on the 
right side than on the left of the pyramid, which therefore looks slightly 
lopsided in shape. 

Summary 

The production-consumption cycle refers to the successive actions that take 
place from the time that demand for a product is indicated by market research 
until this product is purchased by the customer. These activities can be classified 
into planning, operations, and control functions. The specifications of the objec¬ 
tives (products, assemblies, parts) impose certain limitations on the methods of 
utilizing the available facilities of the firm, but even with these restrictions, many 
possibilities have to be explored, and this is the essence of the planning function. 
Planning should provide answers to the questions: what (the product), how (the 
method, process, sequence), where (the machine, department), when (the 
schedule), and who (the operator)? The control function is mainly concerned 
with the questions: why and how else? Planning and control are management 
functions delegated to various departments such as sales, research and develop¬ 
ment, engineering, production, personnel, and finance, each exercising responsi¬ 
bility in its own field. The overlapping of active responsibility ensures proper 
integration and continuity throughout the production-consumption cycle. 
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Problems 

1. Point out which department in an organization is normally responsible for each of 

the planning and control functions mentioned in Table 3-1. 

2. How does money flow during the production-consumption cycle? Describe with 

the aid of a time chart the planning, operation, and control functions associated 
with the financial resources of the firm, and show at what stages they are 
converted to other facilities and assets. 
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5. “Management has a responsibility to itself.” This maxim sometimes refers to the 
need of executive training. Discuss this statement. 

L List the means that the firm can employ to attain its targets. Can you indicate 
whether and how these facilities are interdependent? Should planning of each 
he carried out separately, or would integrated planning be more effective? 

5. List the major facilities of a plant you have visited and discuss their limitations. 

6. Explain how feedback information should affect the activity of each department 

shown in Fig. 3-2. 

7. A wide variety of dishes are offered at lunch time in a restaurant; the dishes that 

appear on the menu may be classified into the following categories: 

(i) Those involving preparation time of 1 hour or more 

(ii) Those requiring about 10 to 15 minutes of preparation 

(iii) Those made from canned food, where the preparation time is practically 
negligible 

Dishes that have not been consumed in any one day are scrap and cannot be 
stored for use on the next day. Materials required for categories (i) and (ii) have 
to be ordered a day in advance, if delivery is required in the morning, while 
delivery of canned food is usually made in the afternoon. A certain amount 
of cold storage at the restaurant is available, and the management is prepared 
to expand this facility, if necessary. 

How would you use production planning and control procedures to: 

(a) Study customers’ preferences and demand patterns? 

(b) Determine the number of dishes the restaurant should plan under each 
category to ensure maximum customer satisfaction and minimum scrap? 
(Are these two objectives compatible with each other?) 

(c) Outline a materials ordering system and plan materials storage capacity? 

(d) Exercise a control function to maintain a quick and effective waitresses’ 
service? 

8. A small manufacturer of hand drills started his business five years ago as an 

assembly shop. All the components were bought or subcontracted, and the 
assembly line (originally planned for an output of 25 drills a day) was producing 
only one model. 

The business has expanded considerably and now there are two assembly 
lines, one engaged in the production of 200 drills per day of Model I, while the 
second line produces Models II and III on a batch basis. Their quantities vary 
from week to week according to the sales department requirements. A winding 
shop is making all the motors for the hand drills and even obtains orders for 
motors from other plants, and a press shop is engaged on producing all the 
required pressings, which are no longer sub-contracted. The press shop is 
geared to the domestic requirements and does not entertain outside orders. 

These developments necessitate reformulation of production planning and 
control procedures. How would you set about carrying out this task? 
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ORGANIZATION 


We have seen that production planning and control is an essential production 
management tool that assists the manager in charge of production to achieve his 
target efficiently, economically, and in the time allotted. The production 
planning and control department therefore figures very prominently in the 
structure of any organization. The definition of the department’s duties and its 
scope is, however, by no means universal. The ten basic functions of production 
planning and control were discussed in Chapter 1, and these (with the exception 
of inspection, which is discussed in Chapter 19) normally constitute the minimum 
responsibilities the department is charged with. But we have already seen that 
there are man} 7 additional aspects of production management which closely 
concern production planning and control and each of its functions, for instance, 
plant layout, equipment policy, maintenance, work measurement, and even 
methods analysis. In some establishments, mainly of small and medium size, 
these additional aspects or some of them are included in the production planning 
and control department. In others, the department responsibility is confined to 
the production planning and control basic functions, while other fields of produc¬ 
tion management are grouped under a separate department, bearing the name 
of *'industrial engineering department,” "operations analysis department,” 
"operations research department,” "methods department,” or "work study 
department,” etc. None of these names adequately describes what the depart¬ 
ment is supposed to do, as definitions for these terms are not as yet universally 
accepted. The name "industrial engineering department,” which is more in use 
than the others, is perhaps least suitable for the purpose because production 
planning and control itself is but a part of industrial engineering. 

The demarcation of responsibilities in industry between the two departments 
varies considerably with the type of production, size of plant, the importance 
higher management attributes to certain functions, and the effects of personali¬ 
ties in the organization. A broad, though by no means rigid, division of industrial 
engineering functions is suggested in the accompanying chart. 
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INDUSTRIAL ENGINEERING FUNCTIONS 


Functions concerned with 
immediate aspects of production 


Production Planning cfc Control 


[aterials: records, availability, procure¬ 
ment, storage, issue, control. 

[ethods: confined to choice from available 
facilities for manufacture of given 
products; tool and jig design. 

[achines: specifications, availability, load¬ 
ing. 

Louring \ 

Estimating I all responsibilities as enu- 
cheduling j merated in Chapter 1. 

►ispatching j 

nspection: only concerned with inspection 
results, but not with its execution. 
Expediting: all responsibilities. 

Evaluation: concerned with immediate 
lessons derived from production control, 
but analysis of data for long-term 
planning is performed by the Methods 
Engineering Department. 


Functions concerned with 
evaluation of means and 
methods and with long term 

planning 

_ 

Methods Engineering 


Motion study: operations analysis (method 
study), micromotion study, work-place 
layouts. 

Process evaluation: comparison of pro¬ 
cesses, new processes. 

Machines: equipment policy, maintenance, 
and renewal. 

Layout: flow of materials in the plant, 
location of machines and departments, 
materials handling systems, expansion 
plans. 

Quality control: inspection, testing labora¬ 
tories, cost of quality. 

Standardization and simplification: of 
product, methods, machines, auxiliary' 
equipment, recording systems, proce¬ 
dure. 

Safety: instructions for safe handling of 
materials and operation of machines. 

Incentive schemes: wage incentives, other 
incentives. 

Suggestion schemes: means to encourage 
operators'contribution to improvement. 


The purpose of a healthy organization structure is to provide: 

1. A system for collecting and recording up-to-date facts 

2. An efficient communication system, to facilitate flow of instructions down¬ 

ward and flow of information upward and sideward 

3. A smooth and efficient procedure of operation 

4. A demarcation of authority and responsibility, which clearly specifies the 

mechanism of facts, evaluation, and decision making 


A typical organization chart is shown in Fig. 4-1. It should be emphasized, 
>erhaps, that such charts are by no means universal and that there is a wide 
;catter of variations in organizational patterns as found in industry. The 
xrganizational structure grows and develops in relation to the past, present 
xflicies, and future plans of the firm. It is the outcome of an evolutionary process; 
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Figure 4-1 . A typical organization chart for a manufacturing firm . 
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t changes with circumstances and personalities; it can seldom be imposed at 
he outset and rigidly maintained thereafter. The chart in Fig. 4-1 shows a 
itrueture commonly found in medium size plants, where the production planning 
md control department is directly answerable to the vice-president in charge of 
nanufacturing. 

The internal organization of the production planning and control department 
lormally follows the functional pattern described in Chapter 1. The department 
s headed by a senior production engineer, who is responsible for all the planning 
md control tasks connected with production and for the proper coordination 
>f the various functions in order to ensure that the shops are provided with all 
he available instructions and facilities. 



Figure 4-2. *4 conventional organization chart of the pro¬ 
duction planning and control department . 
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Departmental Sectionalization 

The planning and control department normally consists of three sections (see 
Fig. 4-2). 

1. The planning section, the head of which is in charge of all the planning 
functions 

2. The control section, the head of which is concerned with all control 
functions from the word “go” 

3. The inventory section, which deals with all problems connected with 
materials and their requisition and storage 

Production planning 

This section includes eight distinct activities. 

(i) Production budget office, where the incoming orders are obtained and 
recorded in the order book and where the budget requirements in connection 
with the execution of the order are worked out. Delivery dates are estimated 
after the planning of schedules is completed. 

(ii) Materials records office , where planning engineers can obtain information 
about materials available in the stores, so that action can be taken to “freeze’ 5 
or allocate the required amounts and to sanction the purchase of those materials 
which are not available. Allocation of materials in the stores is an important 
step at an early stage of the proceedings, as stocks of materials are liable to 
change before production is due to start, and if the required materials are issued 
in the interim period for other purposes, a chaotic situation may arise. Precisely 
for the same reason, records have to be kept up to date, to ensure that the 
picture they represent is realistic and reliable. 

(hi) Methods planning , whose responsibility is to assess the potentialities 
of available processes and select the most suited for the production of each 
component of the product . Methods engineers also decide how' the product should 
be divided into assemblies, the sequence of operations for each part, and the 
methods of assembling. Methods planning is an important job, as it lays the 
foundation for all subsequent planning and control activities. The methods 
engineer must be conversant not only with the multitude of manufacturing 
processes that are in use, their merits and limitations, and their technological 
and economical significance, but he must be also familiar with newly developed 
processes and new r materials that are introduced into the market practically 
every year. Obviously these require that he knows fundamental motion-economy 
principles, in order to ensure that his prescribed methods are basically sound, 
workable, and efficient. 

(iv) Machines records , from winch information can be obtained on the 
following questions: 

(a) How many machines are there? What is their accuracy, their range of 
speeds, feeds, etc.? 
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(b) What maintenance or over-all repair schedules do they have? 

(c) What is the frequency of breakdowns (from past experience) ? What 
alternatives are available in case of a breakdown ? 

(d) From past method studies, at what percentage of efficiency (actual 
working time ratio to over-all time available) do these machines 
normally operate? 

(e) In case of multimachine supervision by one operator, what percentage 
of interference may be expected ? 

(f) What net production capacity do these machines have? 

(g) What load has already been scheduled on these machines and hence 
what available time do they have? 

(v) Tool and jig design office, where all auxiliary aids are planned and 
designed in meticulous detail. Tool engineering is a specialized trade. It requires 
a thorough knowledge of the production processes employed and of tool materials 
and their treatment. Understanding of the design of the product and its func¬ 
tional scope is needed for proper jig and fixture design, which can result in great 
economies of time and effort on the part of both workers and supervisors. 

Tools, jigs, fixtures, mechanical handling systems, and other mechanical aids 
to production crystallize and finalize production methods to a certain extent, 
and must therefore be very carefully and painstakingly planned. This means, 
however, that design, manufacture, and inspection of tools and mechanical 
aids may result in a substantial lead time required at the planning stage. 
Mechanical aids, especially jigs and fixtures, can sometimes be re-used, either 
in whole or in part. In such cases not only the cost is reduced, but lead times also 
can be considerably shortened. This aspect of repeated use of production aids 
demands much thought and careful planning of their functional flexibility at the 
design stage. A large number of components, from which these aids are con¬ 
structed, can in fact be standardized and constantly kept in stock so that they 
are readily available when a new fixture, positioner, etc., has to be designed or 
assembled. 

Advanced standardization of mechanical aids requires great skill and in¬ 
genuity on the part of tool and jig designers, especially when the plant is engaged 
in manufacturing a variety of products on a batch production basis and when 
short lead times for planning are desirable in order to ascertain short delivery 
dates. 

(vi) Operation layout and routing office , which is responsible for expressing 
the production plans in a form understandable to those who have to carry them 
out. Process charts are translated into-route sheets and operation sheets, and the 
operations are described in great detail. All the tools, jigs, and fixtures that 
should be used for each operation are specified. 

(vii) Time estimating office , where operation times are worked out from the 
given data in the operation sheets. These times include: 

(a) Calculations of actual production times based on speeds, feeds, etc. 
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(b) Nonproductive times, which cover chucking or loading, setting, and 
unloading of the machines 

(c) Times for additional tasks of the operators, during which the machine 
is not effectively employed 

(d) Allowances for delays, stoppages, interference, personal fatigue, etc. 

Here, too, standardization of times for tasks and allowances, based on 

experience and past records, is very helpful and time saving. Time estimators 
have to be conversant with the processes and methods employed, and they must 
be proficient in compiling standard time data and their application. We have 
already seen in Chapter 1 that time estimating is an essential link in production 
planning between routing and machine loading. 

(viii) Scheduling , where machines are loaded against their available capacity 
and all the planning details and calculations are integrated into a final sequential 
pattern of target forecast , w r hich sets the pace for production activities and their 
coordination. Data for commencement of each operation and for its completion 
can be specified and an assessment can be made on the plant over-all available 
capacity, delivery dates, effects of new orders on schedules, and on the length of 
the queue of production orders. 

Production control 

The functional responsibilities of production control have already been dis¬ 
cussed in Chapter 1. As suggested by Fig. 4-2, the section covers the following: 

(i) Dispatching office, which is responsible for the release of production 
orders. The dispatchers have to be acquainted not only with the job but also 
with the men in order to ensure that tasks are smoothly allocated and properly 
understood. 

(ii) Expediting center , which has to maintain, with the aid of expeditors or 
progress men, an effective communication system between the shop floor on the 
one hand and the scheduling office on the other, and which regulates materials 
flow’ in the shop and secures conformity between plan and practice. This 
communication system can mark the success or failure of the schedule, and it 
therefore calls for alertness, skill, and a thorough knowledge of the details of 
the schedule and flow of materials. 

(iii) Motion and time study , where v r orking methods are studied and 
improved and wmrk is measured. This section really belongs to the methods 
engineering department, but in industry it is sometimes found in various forms 
as part of the production planning and control department. Motion and time 
study includes: 

(a) Recording of work methods (by process charts, layouts and string 
diagrams) and developing better methods 

(b) Micromotion study for highly repetitive work (by motion picture 
cameras, chronocvclegraphs, analysis into elemental motions) and for 
developing simpler motions 
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(c) Measuring work, either for correlation with the estimating function or 
for setting standard times for existing operations or for newly developed 
ones 

(d) Collecting, assessing, sorting, and standardizing time data for future 
reference in estimating 

(e) Training operators to use new techniques and methods correctly and 
teaching them the principles of motion economy 

(iv) Transportation section , which is responsible for the movement of men 
d materials 'within the plant and to and from it. It includes the movement of 
aterials between stores, from the stores to the shop, and within the shop, and 
erefore transportation tasks have to be performed in close liaison with expedit- 

Other transportation responsibilities cover receiving of goods or materials 
d shipping of finished goods. 

ventory control 

This department comprises five main sections: 

(i) Stores management , which includes storekeeping, records keeping, 
aintenance of materials in store and issue of materials. 

(ii) Quantity control section , which is responsible for keeping and studying 
cords of inventories and prescribing methods for keeping stocks in control and 
eeifying stock levels and batch sizes for ordering. 

(iii) Purchasing section , which issues purchasing orders to vendors and 
Llows up past orders. This section also maintains records of vendors, catalogs, 
ehnical and price information, and data about the vendors 5 reliability with 
spect to quality and delivery dates. 

(iv) Receiving section , where goods are received and checked to ensure that 
ey conform to the details given in the order with regard to specification and 
lantity. Specifications are checked by acceptance quality tests, which may 
elude dimensional inspection and tests for composition, hardness, strength, 
metrical or heat conductivity, or other physical and chemical properties, 
lantity checks include counting or measuring weights or volumes'received as 
ril as recording breakage, spillage, or scrap, so that appropriate claims can be 
ade either to the vendors or to insurance companies. 

(v) Simplification section , where problems relating to variety reduction are 
udied. Simplification and standardization is perhaps a fundamental function 
stores management , but when many items are involved, especially when parts 
e both produced by the plant and ordered from subcontractors, problems of 
nplification and standardization very often justify a separate section to deal 
ith them. 


Variations on the conventional pattern of organization 

Organization of the production planning and control department greatly 
pends on the type of establishment and its characteristic problems. Even in 
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similar establishments certain sections may vary in size and position in the 
organization, owing to different attitudes of management toward the importance 
and scope of some functions. Variations of the conventional pattern described 
in preceding paragraphs are mainly concerned with four sections. 

Motion and time study 

We have already mentioned that motion and time study should logically 
belong to the methods engineering department, i.e., in establishments where 
such a department exists. However, even when motion and time study is con¬ 
sidered a part of the production planning and control department, it is still 
debatable whether it should be under the control section, as shown in Fig. 4-2, 
since motion and time study has both planning and control aspects. However, 



Figure 4-3. Variation on Fig . 4-2: Motion and time study as a separate section . 

the common viewpoint today is that motion and time study should be applied 
throughout the planning period, even at the design stage of the product. Motion 
and time study can therefore be quite commonly found as separate sections, 
incorporating both methods and estimating, as shown in Fig. 4-3, and may even 
include layout problems. In some large firms it goes beyond the conventional 
scope of motion and time study and incorporates analysis of over-all layouts, 
plant location, or optimization of load distribution between several plants or 
shops—problems that require operations research techniques. 

Standards section 

A separate section to deal with standardization and simplification (Fig. 4-4) 
products, materials, equipment, and tools is particularly useful when the firm 
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jnsists of a number of plants. The standards section operates at the head office. 
; initiates meetings on standards topics in which designers, methods engineers, 
irchasing personnel, stores managers, and salesmen take part, and it issues 
ference sheets and standards volumes for the use of all concerned. 

ransportation section 

While internal transportation is closely associated with expediting, external 
ansportation problems are often more detached in character. When external 
ansportation involves additional major responsibilities, a separate transporta- 
on section can be organized on the lines shown in Fig. 4—4. 
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kept in a central statistics office, in which scheduling is also performed. The 
responsibilities of this office (see Fig. 4-5) include: 

Records of available materials in stock 

Records of available tools, jigs, fixtures, and other aids 

Records of machines and their specifications and capacities 

Machine loading cards, from which available time can be deduced 

Scheduling 

Production budget 

Processing of incoming orders 

The last two functions can be divorced from the central statistical office. 



engineering department 

Figure -M>. Variation on Fig . 4-2: The Central Statistics Office . 

The paper work at a central statistics office can be greatly mechanized (see 
Chapter 16), especially in larger establishments, and this is another advantage 
for the centralization of record keeping. In the production planning and control 
procedure, the CSO (central statistics office) has the following functions: 

The CSO (or the production budget section) receives and records the orders. 

It passes the orders to the methods section, where the material specifications 
are checked and approved. 

The CSO checks availability of materials. 

It notifies the stores about materials allocations for specific orders. 

It requests the purchasing section to order materials not available in sufficient 
quantities (or available but already allocated for other orders). 

It checks capacities and availability of machines and supplies the information 
to the planning section. 
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It obtains process charts, routing charts, and operation sheets with operation 
times, from the planning sections. 

It performs the machines loading on the machine capacity cards. 

It plans the schedules. 

It specifies delivery dates and studies the orders queue. 

It passes information and all instruction sheets and documents to the control 
section. 

It adjusts and modifies the schedules and machine loading cards in conjunction 
with the production control section. 

A well-organized CSO is a great asset to production planning and control. It 
coalesces the department activities. It facilitates the efficient execution of one 
basic function: that of collecting vital facts about the plant performance and 
potentialities, without which no intelligent analysis and planning can take place. 
It digests the enormous bulk of information about production that pours in and 
provides management with the basic data required for decision making. 

Centralized and Decentralized Production Planning and Control 

In multiplant establishments the organization of the production planning and 
control functions presents several difficult problems. On the one hand all the 
activities of production planning and control have to be coordinated in order to 
attain unity of purpose as expressed by top management policy. This is reflected 
in management planning with respect to budgeting, allocation of facilities, 
expansion, and plant renewal policy. It becomes particularly important when 
production schedules have to be coordinated, especially when the end product of 
one plant is fed to another. On the other hand, production planning and control 
functions are closely related to the production activities of each plant, and it is 
neither efficient nor practical to rely on “remote control”. 

These two aspects have essentially led to two different systems for organizing 
production planning and control in multiplant establishments: a centralized and 
a decentralized organization, as shown in Figs. 4-6 and 4-7. Apart from the 
natural desire of individual plants to be self-sufficient, and have a complete 
production planning and control organization of their own, versus the tendency 
on the part of some top managements to overcentralize in order to have every¬ 
thing “under control,' 5 there are obviously objective arguments pro and con 
each type of organization, and the arguments will depend on the particular case 
that is being considered. But even under circumstances of full plant autonomy, 
some form of centralized planning is necessary to provide a master production 
schedule and to set performance targets. Those functions of production control 
which are associated with everyday problems of dispatching and expediting 
(and even some aspects of evaluation) are vital in the plant, even in a centralized 
organization setup. These aspects are clearly shown in the organization charts in 
Figs. 4-6 and 4-7, and between these two, a working framework can be con¬ 
structed to suit the particular needs of various multiplant establishments. 




Figure 4-6. Centralized production planning in a muMplant organization 
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figure 4-7. Decentralized production planning and control in a multiplant organization. 
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Summary 

Industrial engineering functions can be classified into two main categories: 
those concerned with immediate aspects of production operations (assigned to 
the production planning and control department) and those particularly asso¬ 
ciated with evaluation of methods of manufacture. Accordingly these functions 
are normally divided between two separate departments, the demarcation of 
responsibilities being greatly dependent on many factors, such as: the dynamics 
of process evaluation, the type of association that exists between time study and 
estimating and rate fixing, and the complexity of manipulating and processing 
data pertaining to production operations. Sometimes, therefore, the production 
planning and control department includes—in addition to the sections of 
production planning, production control, and inventory control which it 
normally consists of—such sections as motion and time study (for instance, when 
a separate methods engineering department does not exist in the plant), stan¬ 
dards, transportation, and a central statistics office. 
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Problems 

1. Discuss the posit ion of motion and time study in the organizat ional structure of a 

manufacturing firm. 

2. Is it possible to divorce wnrk measurement from method study? Is it desirable? 

3. What difficulties would you envisage in an organization where inventory control 

is not answerable to production planning and control but to the finance 
division? 

4. Problems of manpower, skills, supervision, and human relations were not included 

in the chart shove in Fig. 4-2. Should you infer from this that these subjects 
are of no interest to production planning and control engineers? 

5. Suggestion schemes were shove as a responsibility of the methods engineering 

department. Suppose a modification of a certain tool is proposed by an operator, 
and bearing in mind that tool design is a responsibility of the production 
planning and control department, what procedure would you propose to ensure 
a proper flow of information and that the suggestion receives the attention it 
deserves? 
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6. What are the purposes of good organization? If these purposes are universal and 

can be achieved by a certain organizational structure, how can these facts be 
compatible with the statement that organizational structures are not universally 
applicable to all similar firms? 

7. Discuss the functions of a standards section and its place in an organization chart. 

8. A production planning and control department in a firm is organized on the lines 

suggested in Fig. 4-2, but the production engineer in charge contemplates the 
introduction of a CSO. He has asked you to perform the following tasks: 

(i) Prepare a memorandum explaining the merits of a CSO and showing how 
it is going to simplify the department procedure and speed up its 
operation. 

(ii) Outline how the changeover is going to take place and define the re¬ 
sponsibilities of each section in the new organization. 
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PRODUCT DEVELOPMENT 

AND DESIGN 


Product- development and design are closely allied to the preliminary stages 
i production planning. When a new product is projected, the designer has to 
sear in mind the available resources of the plant and the possible implications 
if the plant having to acquire, modify, or substitute existing machines and 
quipment or subcontract various components to other suppliers. It is therefore 
rbvious that product development and design is at the core of the development 
nd growth of the manufacturing plant and its departments. This is why product 
imgn is one of the fundamental elements of management policy, and its features 
hould be coordinated with the main targets management sets itself to achieve. 


Company Policy 

What is the product policy of an organization, and how does it affect the 
esign of the product ? Surveys in industry, by use of questionnaires and interro¬ 
gation of key executives of manufacturing firms, have revealed that there is no 
aeh one policy for all concerns. One large chain of department stores aims at 
fieiing commodities to the public at a minimum price, whatever the quality. In 
ict one may be quite sure that articles bought at this firm cannot be obtained 
heaper anywhere else or even at the same price. The company bases this policy 
n the assumption that the type of goods it offers need not have a very long 
fe and that, if sold cheaply enough, the volume of sales is likely to be very 
age, so that even a very marginal profit per unit will lead to substantial gains, 
hher companies (for instance, in the aircraft industry and many precision 
istniment makers) define their aim as maximum quality, whatever the cost. 

In some cases the need for safety is so paramount, that cost is of secondary 
nportance. In other cases, precision and prestige play an important part, as in 
be case of a reputable manufacturer of automobiles, whose main business is 
oirin the aero-engine field. The firm produces what may be considered the best 
ntomobile in the world, but the number produced per annum is rather small, 
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und in spite of the high price of the finished article, the firm cannot expect to 
yield a very high profit from this line of business alone. Another automobile 
firm, on the other hand, aims at large volume production of a low-priced car that 
will compete with more expensive models by having some of their successful and 
popular features and innovations. Most companies, however, say they aim at 
striking a satisfactory balance between very high quality and a reasonable price. 
Others go further and endeavor to improve this balance in favor of the customer, 
by improving quality and leaving the price unchanged or by improving produc¬ 
tion methods and offering the same quality at a reduced price. 

In infiationarv times when a decrease in price is not possible, the aim may be 
toward curbing the rate of increase in the product price to that below the general 
rate of increase in the cost of living or the cost of similar products. Other 
companies wish to increase the range of applications of their products, hoping 
in this way to attract wider consumer appeal and increase the volume of their 
sales. 

Effect of competition on design 

Whatever the proclaimed policy of the organization, it is in fact a definition 
of the tactics by means of which the company hopes to achieve a more funda¬ 
mental aim: to be competitive. Being competitive implies that special features 
of the product are offered so that potential customers will be persuaded to 
exchange some of their money for the privilege of owning or using the product, 
even if by doing so they are deprived of purchasing power for other attractive 
commodities. 

The fact can never be overstated that competition is not confined only to 
articles of the same class performing the same or similar functions. An indus¬ 
trialist with limited resources who wishes to change some of his equipment may 
be tom between the desire to buy a new arc welding or a shaping machine. By 
having to make a choice between these two. the industrialist has to make a 
decision in a situation where the arc welding and the shaping machines are in 
direct competition with each other. There are many aspects to this competitive 
situation over which the manufacturer has little influence (such as the technical 
condition of the existing equipment and the amount of maintenance it involves, 
or the expected increase in productivity of the proposed new equipment com¬ 
pared with the existing one. or some financial aspects; e.g., the industrialist 
preferring at this stage to invest in the cheaper of the proposed new r items, etc.). 
However, competitiveness should be measured against the general background 
of consumption and not compared only with successes of direct competitors. 

Long-range planning 

The importance of product development and design for long-range planning 
by management is further emphasized by the period of time that elapses from 
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Le inception of the idea for the new design until production starts. Some 
:rveys in industry revealed remarkable figures for this “incubation” period: 

Automobile bodies . . .. . . . . . . .. . . 2 years 

Automobile engines . . . . . . .. . . .. 4-7 years 

Radios and television sets. . .. .. .. .. .. 6-12 months 

Specialized welding equipment . . . . .. . . .. 6 months 

Telecommunications equipment . . . . . . .. . . 4 years 

Aircraft . . . . . . . . . . • . . . . . . 10-15 years 

Household equipment . . . . . . .. .. . . 2 years 

Metal-cutting equipment . . . . . . . . .. . . 4-5 years 

Shipbuilding (depending on size of vessels; special shipbuilding 6-12 months 
designs may be developed over several years).. .. (1-2 years in design 

and experimenta¬ 
tion alone) 

Fashion . . . . . . . . . . .. .. .. Several weeks 

. defense projects, where development and design are rather lengthy because of 
e complexity of the problems involved, some designs may become “obsolete” 
en before their production has begun, as new models are being hammered out 
l the drawing boards and in the testing laboratories. 

Product Analysis 

Many factors have to be analyzed in connection with development and design, 
ctors varying in character and complexity, factors affiliated with different 
■Ids in production and industrial engineering. Some of these may be grouped 
follows: 

1. Marketing aspect 

2. Product characteristics 

(i) Functional aspect 

(ii) Operational aspect 

(iii) Durability and dependability aspects 

(iv) Aesthetic aspect 

3. Economic analysis 

(i) The profit consideration 

(ii) The effect of standardization, simplification, and specialization 

(iii) The break-even analysis 

4. Production aspect 

All these factors are interrelated and each presents many issues that have to 
carefully considered, as indicated by Fig. 5-1. Market research may guide 
:>duct engineers in their -work to improve existing products or to develop new 
es. The design and its characteristics have to undergo an economic analysis 
d must be studied in the light of available production facilities and techniques, 
costing analysis is naturally dependent on the sales volume; hence the sug- 
3ted design has to be re-evaluated by market research so that a sales forecast 
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m be worked out. This expected sales volume provides the basis for a further 
udy from the production methods aspect,- and the economic analysis has to be 
checked and perhaps modified. Thus product development and design is an 



icellent example of interdependence of a multitude of factors that have to he 
eonciled and integrated into a final composition. 

arketing aspect 

First it is necessary to establish that the proposed product will satisfy a demand 
the market, that what it is supposed to do and the services it can offer are 
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>oth desirable and acceptable. If no consumption is envisaged, there is no point 
n proceeding with product design. 

The demand for the product in the market may already exist, and its volume 
ran then be assessed by consumer research and sales figures for identical or 
similar commodities. Demand can also be created with the introduction of a 
lew product, either by filling in a gap in the market or by offering new properties, 
such as novelty, appearance, or some other specific merits (see examples in 
Figs. 5—2,5-3). The volume of such a demand is more difficult to forecast. Market 
research is a useful tool in these cases, but experience and sound judgment 
me required to evaluate and apply the results of such research, and in some 
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e) A lightweight beam that stands 
easilv to stress 


figure 5-2. Honeycomb lightweight sandicich far aircraft construction (Courtesy 
I&wker Siddeley Group, Britain) 
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cases a certain amount of speculation is inevitable. We shall discuss some 
problems connected with market research in the next chapter. 

The volume of demand is a function of a multitude of factors, some of which, 
are closely related to local conditions and are sometimes difficult to define or 
measure. It is therefore essential for an enterprise to keep in touch with the 
market and “feel 55 its trends, especially when this market is remote and different 
in character from the local one. This is of particular importance to firms depend¬ 
ing on export markets for the distribution of their products. 

If we analyze, for example, the case of an American manufacturer of auto¬ 
mobiles, we shall find that the percentage of output destined for export is rather 
small, and design policy would therefore be mainly dictated by American tastes 
and preferences. A British manufacturer, however, who sells a substantial 
proportion of automobiles outside Great Britain, has to watch carefully the 
trends in export markets in order to try and amalgamate the requirements and 
tastes of the various foreign and home markets in an acceptable design. 

Another pertinent question related to product design is: Should the customer 
get what he wants or should he be offered what he is supposed to want ? Basically 
this is an economic question. If management wants to achieve maximum satis¬ 
faction and sets itself as a target to supply the customer with what he wants, it 
may be faced with the possibility of having to produce an infinite variety of 
models to suit every taste. On the other hand, were management to ignore the 
customer's wishes or to maintain that he does not really know what he wants 
and should therefore be told what is good for him, the designer's task would 
become far simpler, but the sales department would have to face an unpredictable 
market. 

In practice, product design is a result of some sort of compromise between 
infinite variety on one hand and the designer's concept of the ideal design on the 
other. In order to try selling this compromise to potential customers, manage¬ 
ment resorts to an advertising campaign the policy of which is dependent on the 
characteristics of the “compromised design 5 ' and on how far it conforms to, or 
differs from, the expressed desires of the market to which such ~a campaign is 
directed. Generally, the main objective of advertising is to expand the market, 
this being achieved by: 

Providing general information about the existence of the product. 

Providing technical information about its functional characteristics or utili¬ 
tarian purposes. 

Drawing the customer’s attention to those attributes of the product which he 
wants. 

Winning undecided customers by exhibiting possible attractions (such as color, 
design, novelty, and price) that may persuade him to prefer the product to 
one offered by competitors. 

Creating demand among a passive population of customers. 

Educating the customer, or telling him what he should want. 




gnre 5-3. Examples of neic products affecting approach to design. 

) .4 dozen transistors in an ordinary thimble illustrate the functional require¬ 
ments of size. (Courtesy Milliard Ltd., London) 

>) De-icing of jet engine air intake, and 

) Sound level meter (Doice Instruments), illustrate use of printed circuits. 

{Courtesy Technograph Printed Circuits Ltd., London) 
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Apart from these direct techniques, management may have some additional 
ims, such as increasing the prestige of the firm as a whole, banking on the 
opularity of one product to strengthen or introduce another or to publicize one 
spect of the firm’s activity for the purpose of raising money or deviating atten- 
ion from other activities, and so on. Once the design features of a product have 
een ascertained, appropriate advertising methods can be selected. 

lie product characteristics 
functional aspect 

When the marketing possibilities have been explored, the functional scope of 
he product has to be carefully analyzed and properly defined. The definition of 
he objective itself rarely tells us very much about the functional scope envisaged. 
l washing machine, for example, has a clearly defined objective: to w r ash clothi¬ 
ng. This does not state, however, how the washing should be carried out, whether 
he machine should be capable of heating the water prior to washing, whether 
[using or drying, or both, are to be done by the machine, and if so by what 
let hod. and what should the proportion be between automatic functioning and 
lanual supervision. A functional analysis of this kind obviously affects the 
esign of the machine, its complexity, its appearance, and its price. 

Sometimes functional aspects are detachable, and usage can be left to the 
listener's decision. A steam iron is a case in point. The additional function of 
ampening the cloth when required, prior to or during ironing, is incorporated 
i the steam iron, the main duty of which is to iron the cloth. The customer can 
ecide whether and when to exploit this characteristic of the apparatus. 

There is a trend to offer functional versatility of the product, thereby in- 
reasing the range of applications and sometimes combining several tools in one. 
l food mixer, for example, allows for a large number of attachments to be added 
>r a variety of duties. Basically the mixer housing contains a power unit and a 
peed regulator, but it has to be designed so as to serve all the attachments, and 
he customer has to decide and define for himself the functional scope to be 
compatible with his needs, his taste, and his pocket. Household power-tool sets 
re designed on very much the same principle: The hand drill is the basic unit, 
nd with attachments it can become a table drill, a lathe, a polisher, a hedge 
utter, etc. Versatility of production machinery may quite often result in sub- 
Lantial savings in floor space and capital expenditure, and this may become one 
f the fundamental factors affecting design policy. Another example of versatility 
i design is shown in Fig. 5-4. 

yperational aspect 

After determining the functional aspect, the operational aspect has then to be 
onsidered. Not only must the product function properly, it must be easy to 
andle and simple to operate. Sometimes it has to be adaptable to various 
perational conditions, and very often it is subjected to varying degrees of skill 
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of potential operators. The designer’s problem becomes all the more critical with 
the trend for increased versatility because this characteristic implies using basic 
attachments as elements for building suitable combinations for specific purposes. 
This requires a certain amount of operator intelligence and skill, which increases 
with the complexity of the machine. The scarcity of skill is a prohibitive limita¬ 
tion in this respect on the product designer. 



Figure 5-4. Desk combinations (simplification of 
design). Variety achieved through standardiza¬ 
tion: ivith a limited number of components (one 
piece table top without joined corners or seams, 
legs made of seamless steel tubes, and inter¬ 
changeable drawers) the designer managed to 
offer 36 possible combinations while exhibiting 
a pleasant style and functional simplicity. 
(Courtesy X. V. Wed. J. Ahrend & Zoon—N. V. “‘Oda ” 
Staalwerk—Amsterdam, Holland. 

Designer: Friso Kramer, 1958) 
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The “get ready” stage before the operation proper and the “put away” time 
(including cleaning) should be carefully analyzed with respect to the expected 
skill of the operator. Too often one finds ingenious gadgets (for example, in the 
field of household equipment) that are capable of performing an operation in a 
fraction of the time normally required hut which involve such complicated 
preparations or such lengthy cleaning and “put away” subsequent operations, 
that the ratio of net machine time to over-all machine time becomes absurdly 
small. The beneficial features attributed to the gadget in such cases are rather 
questionable. 

Versatility of equipment should also be analyzed in this light. Especially 
when subsequent operations are to be carried out with the aid of different attach¬ 
ments, the designer should always bear in mind the time required for an operator 
to perform the changeover and should make certain that this time is in reasonable 
proportion to the operation time. 
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Durability and dependability 

These are two factors closely related to the selection of materials and class of 
workmanship and hence to the design of the product and the economical analysis 
of its cost. Quality is not always a simple characteristic to define, but durability 
and dependability are two factors that often determine quality and have to be 
carefully considered by the designer. Durability is defined mainly by the length 
of the active life, or endurance, of the product under given working conditions, 
but a measure of the product capability to idle or withstand storage is also often 
considered in assessing durability. Durability need not always be associated with 
selection of good materials. The actual working life of a match or a rocket motor 
may be rather limited, but that does not mean that materials for these articles 
may be of low quality. An additional criterion, therefore, has to be considered, 
that of dependability, or the capability of the product to function when called 
upon to do its job. Returning to our matches, dependability may be related to 
the number of duds in a box, and while the manufacturer is eager to reduce this 
number to a minimum, he need not choose the very best raw materials to ensure 
that not even one match will fail. Dependability of rocket motors, however, may 
be more rigidly defined, and first class materials are chosen in spite of the short 
active life that is envisaged for them in some applications. 

Another aspect of durability is that of maintenance and repair. The amount of 
repair and preventative maintenance required for some products is closely 
related to quality and design policy. This is of particular importance when the 
equipment is supposed to operate continuously and when any repair involves a 
loss of running time. 

Problems of convenience and accessibility in operating the equipment have 
already been discussed, and the same remarks are valid for maintenance and 
repair. Easy accessibility is a fundamental principle in a sound design, and 
thorough knowledge on the part of the operational durability, dependability, 
and maintenance requirements of the product are absolutely essential to ensure 
a well-balanced design within the policy outlined by higher management. 

Aesthetic aspect 

In what way does the appearance of a product affect its design? In'most cases 
where the functional scope, durability, and dependability have already been 
defined, the aesthetics are mainly concerned with molding the final shape around 
the basic skeleton. This molding of shape may very often be severely limited in 
scope, and what finally emerges is sometimes termed a “'functional shape. 55 The 
view that functional shape is necessarily divorced from aesthetics, especially 
where engineering structures or equipment are concerned, is well exemplified 
by bridges, locomotives, or machines of the late nineteenth or early twentieth 
century (see, for example, Fig. 5-5). However, a study of the gradual changes in 
shape of these objects in the past few decades would convince us that there has 
been an increasing recognition of the role of aesthetics in design. This is perhaps 




Figure 5-5. Development in the 
design of a Capstan Lathe . 

(Courtesy Alfred Herbert Ltd., 
Coventry, England) 
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partly due to man's aesthetic taste being reconciled to accepting these objects 
as an integral part of the landscape or everyday life, thereby leading to a modifi¬ 
cation of the original attitude that these ''monstrosities 55 are hopelessly ugly 
and should be left alone. 

Functional shape is a concept in its own right among designers. Those who 
believe in functional shape argue that compatibility of function with shape is 
logical and should therefore be accentuated and exploited, rather than covered 
up. A standard lamp is first and foremost a lamp and not a flying saucer, and 
there is nothing wrong with its looking like a lamp. This approach is referred to 
in Fig. 5-1, where the aesthetic aspects are dealt with at the design stage, after 
all the other aspects of the proposed product have been analyzed. 

In some cases, however, molding of shape may have financial implications; 
for instance, when special materials have to be used or added to those basically 
required from the functional point of view or when additional processes are 
involved. Such cases will call for a careful cost analysis of the aesthetic aspects. 

In extreme cases, aesthetics are the governing factor in design and completely 
dominate it. This is especially true for many consumer goods, such as automo¬ 
biles and household equipment, or fashion goods. The functional scope, though 
more or less defined and accepted, may also be widened to accentuate the novelty 
of the new model. But the idea of the new design starts 'with the concept of its 
shape, from which the idea evolves and grows. The technical considerations have 
to be somehow fitted in at a later stage, this being in complete contrast to the 
conventional sequence shown in Fig. 5-1. 

When styling is a dominant factor in product design, it is often, used as a 
means to create demand. Changes in fashion and taste, evolution of form, and 
the introduction of new ideas quickly outdate previous designs. If the market is 
psychologically receptive and eager to discard former designs in favor of new' 
ones, styling becomes a race against time, a race that determines the salability 
of the product. 

Many tools can be utilized by the designer to bring out aesthetic charac¬ 
teristics. Some of these are: 

1. Use of special materials, either for the parts of the housing or as additional 
decorations. Xotable is the use of chromium strips, plastics, wood, glass, and 
fabrics for the purpose. 

2. Use of color, either natural color of the material concerned or by use of 
paints, plating, spraying, or even lighting. Composition and contrast of colors 
is of great importance to the industrial designer in facilitating convenient opera¬ 
tion and attractive appearance. 

3. Texture supplements color, either by appropriate treatment of the given 
surfaces or coatings. Surface finish and requirements of brightness as determined 
by styling may in turn affect the production processes in the finishing stages. 

4. Shape denoted by outer contours and similarity to familiar objects. Shape 
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can be exploited to accentuate particular features, to create a sense of spacious¬ 
ness or illusions of size, richness, and dependability. 

5. Line is used to break the form, also for the purpose of emphasizing parts of 
it, or to give a sense of continuity, graciousness, and stability. 

6. Scaling the product, either to a blownup size or to a small size (modeling). 
This creates novelty and a sense of completeness. The success of styling of some 
popular small automobiles in Europe may be partly due to the designer’s talent 
in creating a feeling of still having the full-size version, with all its features. 

7. Packaging, especially for small items. Novelty and attractiveness of 
packaging is often transferred in the mind of the customer, attributing perhaps 
nonexistent values to the contents. In extreme cases packaging may assume an 
appreciable portion of the total production costs and become the center of the 
design project. 

Aesthetic molding, especially when governed by the selection of material, 
color, texture, and sometimes even line, has great economic advantages, since 
great variety can be achieved at a comparatively low cost. The basic product 
remains the same, and variety is obtained by finishing processes alone. Henry 
Ford’s maxim that the customer may choose any color he likes, provided it is 
black, is no longer valid. Modem production control techniques allow for a vast 
number of combinations of colors and textures to be offered with little difficulty. 

Aesthetics have been fully recognized as an integral part of design, and no 
designer worth his mettle can afford to ignore their implications, their tools, and 
their benefits. 

Economic analysis 

As shown in Fig. 5-1, an economic analysis is the key to management decision 
in product design policy. Having obtained sufficient information about custo¬ 
mers’ requirements and market potentialities on the one hand and a detailed 
study about the functional, operational, and quality aspects of the proposed 
product on the other, the economic analysis can proceed by seeking an answer 
to the following questions: 

What capital expenditure is required for manufacturing the new product ? 

What total production costs per piece are envisaged? 

What is the reasonable margin of profit that can be expected? 

Do the price (= total costs 4- profit) and the features of the product render it 
competitive in the market ? 

In what numbers is the product expected to be sold? 

Here, again, the interdependence of variables should be strongly emphasized. 
STot one single question in this list can be isolated and solved independently of 
:he others. The economic analysis is in fact a cyclic and repetitive procedure. 
Each question is weighted in the light of the answer and the data provided by 
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she previous question, and all the answers are checked when their turn comes 
again to be re-evaluated in the following cycles, until a state of equilibrium is 
reached and no further modifications to these answers are required. 

Profit and competitiveness 

The measure of competitiveness of the product corresponds to the portion of 
the market it succeeds in capturing. This is largely dependent on the value the 
customer is prepared to put on the product, and on the ratio of this value to the 
price. As customer assessment of value is not universally uniform but subject to 
preference of features, performance, or taste, ratios of values to prices vary with 
customers. A state of equilibrium is formed in which the market is divided 
between different preferences. This equilibrium may change: If the ratio of value 
to price of the product becomes more favorable, when compared wfith other 
products, the product increases its portion of the market and becomes more 
competitive. 

Such an equilibrium is shown in Fig. 5-6. where the total costs include setup, 
materials, overheads, storage, and distribution. The total profit is determined 
by the margin of profit per unit and by the sales volume. If the organization 
seeks to increase its profit, it can try one of the following methods (Fig. 5-6): 

(a) Increase the margin of profit per unit , hence the sales price, but leave the 
total production to costs unchanged. If such a course would not affect the sales 
volume, the total profit would be proportional to the increase in the margin of 
profit per unit. Such an increase, however, can upset the market equilibrium 
unfavorably, in that both the ratio of customers 7 value of the product to its 
price will deteriorate and the products of competitors will become more attrac¬ 
tive. The market may shrink, and the total profit, far from attaining the expected 
value, may in extreme cases fall below its original level. 

(b) Leave the total costs unchanged , but try to improve the ratio of value to 
price and thus widen the market . This can be done (1) by producing a better or 
more attractive product at the same cost, (2) by launching an intense advertising 
campaign in order to boost the customer's assessment of the product value, or 
(3) by reducing the sales price at the expense of the margin of profit per unit, in 
the hope that the market will expand enough to increase total profit. Too mar¬ 
ginal a profit per unit is, however, undesirable, as it allows little protection from 
possible fluctuations in the market, and even slight instabilities may turn a 
small profit into a sizeable loss. 

(c) Reduce the total production costs and pass some of the benefit to customers 
in the form of reduced sales prices. If both the profit per piece and the size of the 
market increase, a substantial improvement in total profits will be achieved. 
This course calls for a continuous search after better methods, better processes, 
better materials and their utilization, and better management to reduce over¬ 
heads. There are, however, some limitations to the rate of improvement one can 
attain, such as basic labor and material costs and limited resources or credit 
hampering expenditure on new equipment and machines. Minim um require¬ 
ments of quality should also be studied and met, as a reduction in price at the 
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PROFIT 


DISTRIBUTION 

STORAGE 



1 


TOTAL COSTS 
(unchanged) 


Quantity 


(a) Increase the Sales Price 



(c) Reduce Total Costs 


(a) Increase the sales price by 
increasing the profit per unit. 

Limitations: (i) competition. 

(ii) customer’s 
willingness to 
pay. 

Danger: shrinkage of 

market leading to 
possible decline 
in total profit. 


(b) Increase the market 

by reducing the profit per unit, etc., 
by advertising. 

Limitation: competition. 

Danger: too low a margin 

of profit per unit 
should be 
avoided due to 
possible 
instabilities in 
the market. 



Reduce total costs 

and pass some benefits to customers 

by reducing sales price. 

Limitations: (i) expenditure on 
new equipment . 

(ii) basic labor and 
materials costs. 

(iii) minimum 
requirements 
of quality. 


Figure 5-6. Methods for increasing total profit . 


(a) increase the sales price (b) increase the market (c) reduce total costs 
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Kpense of quality is easy enough; customer’s assessment of the product value, 
owever. deteriorates accor din gly. But reducing production costs and thereby 
standing the market, while sustaining accepted quality standards, offers a 
hallenge to the production engineer. Probably the most characteristic feature of 
iis process is that it is both dynamic and continuous, that each success is a 
irther advance along the spiral of increasing productivity and standard of 
ving (see Fig. 5-7). 



Figure 5-7. Spiral of increasing productivity and standard 

of living . (Courtesy the British Productivity Council, Report on 
Metalworking Machine Tools, 1953) 


The three S's 

The three S's refer to standardization, simplification, and specialization— 
kree related subjects that are at the root of any economic analysis of product 
lesign. The three S’s can be defined as follows: 1 

Standardization is the process of defining and applying the e *conditions” 
lecessary to ensure that a given range of requirements can normally be met with 
l minimum of variety and in a reproducible and economic manner on the basis 
>f the best current technique. 

1 These definitions are quoted from the Lemon Committee on the Standardization of 
Engineering Products. (H.M.S.O., 1949). 
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Simplification is the process of reducing the number of types of products 
within a definite range. 

Specialization is the process whereby particular firms concentrate on the 
manufacture of a limited number of products or types of products. 

The three processes are usually linked together and develop as a logical 
sequence. From a wide range of requirements it is first necessary to sort out the 
essential features, define them, and then work out in a scientific manner the 
minimum variety required to meet these essentials. This is a process of standar¬ 
dization, and it is mainly an engineering process. Within a given range, whether 
covered by standards or not, a process of simplification can be carried out with 
the view of reducing the variety of products or materials that are produced or 
purchased. This is both an economic and an engineering process, and specializa¬ 
tion is one of its natural outcomes. 


Standardization 

Standardization covers a wide field of activity, which may be described by the 
following main categories: 

Physical dimensions and tolerances of components within a defined range 

Rating of machines or equipment (in units of energy, temperature, current, 
speed, etc.) 

Specification of physical and chemical properties of materials 

Methods of testing characteristics or performance 

Methods of installation to comply with minimum precautionary measures and 
convenience of use 

The first three categories relate to limitation of the number of sizes or grades 
and some aspects of quality, one of the important aims being interchangeability 
of components or assemblies. Adherence to standards of raw materials is one of 
the fundamentals of product design, since any deviation from the standards in 
this respect may cause a substantial increase in the cost of materials. Industry is 
rich with examples in which designers specify “special” materials whereas the 
standard grades can do just as well. 

Standardization and interchangeability impose certain limitations on the 
designer and demand higher skill and effort in planning. It is easy enough when 
designing a new component to decide that no standard really meets the special 
requirements of the case in hand and that a special part has to be specified. 
What designers seem to forget is that one of the purposes of standards is to 
provide solutions to relieve them of the task of having to solve afresh some basic 
problems, and thereby allow them more time to concentrate on the broader 
aspects of the design. 

Another prerequisite of interchangeability is the precision required of the 
manufacturing process in order to obtain production within the specified 
loleranees. This implies that production control has to be tightened so that any 
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deviations from the given standards will be immediately noticed and appro¬ 
priate action can be taken to avoid the process getting out of control. 

Standardization has, however, many advantages, some of which may be 
briefly listed below: 

Reduction of material waste and obsolescence 

Concentration of effort in manufacturing: hence, simplification and specializa¬ 
tion 

Reduction in inventories, both of materials, semifinished, and finished products 

Reduction in bookkeeping and other paper work 

Lowering the grades of skill required in manufacture and assembly 

Reduction in price; hence expansion of the market 

Reduction of repair and maintenance costs 


Preferred Numbers 

According to the American Standards Association 2 , “preferred numbers” are 
defined as “series of numbers selected to be used for standardization purposes in 
preference to other numbers. Their use will lead to simplified practice and they 
should, therefore, be employed whenever possible for individual standard sizes 
and ratings, or for a series thereof,” in applications relating to: important or 
characteristic linear dimensions (such as diameters and lengths) or specifications 
of areas, volumes, weights, and capacities: ratings of machinery and apparatus. 

The problem of selecting preferred numbers was first tackled by Renard in 
1870, and therefore the series is sometimes referred to as the Renard series. 
Renard was an officer in the French Army and was faced with the problem that 
425 different sizes of cables were in use in his unit. He recognized that the process 
of standardization consisted of two problems: to define the number of sizes 
required in a given range, i.e.. the number of terms in the series; and to determine 
the method by means of which these sizes should be preferred to others. 

Renard suggested the use of a geometrical progression as a guide..for selection, 
and this system has indeed been adopted in standardization to cover the given 
ranges satisfactorily. 

Suppose a manufacturer wants to produce containers having between 10 and 
100 gallons capacity. In selecting the type of series he can choose: 

a 5-series, i.e., covering the range of 10 to 100 in 5 steps 
or a 10-series, i.e., covering the range of 10 to 100 in 10 steps 
or a 20-series, i.e., covering the range of 10 to 100 in 20 steps 
or a 40-series, i.e., covering the range of 10 to 100 in 40 steps 

The need for more terms in a series (having smaller steps than those obtained in 
the 40-series) is very rare in practice, but when such a need arises, it is possible 
to use the 80-series. 


2 ASA Standard Z17.1—195S, American Standards Association. 
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If the said manufacturer decides to adopt the 5-series, his capacity ratings 
according to the geometric progression series Trill be: 

First size 
Second size 
Third size 
Fourth size 
Fifth size 
Sixth size 

Hence, ^ = 10 

or q = ^10 = 1.585 


The calculated sizes would be 


First size 

10.00 

i.e., select 

10 


Second size 

15.S5 

i.e., select 

16 


Third size 

25.12 

i.e., select 

25 


Fourth size 

39.82 

i.e., select 

40 

> 5 steps 

Fifth size 

63.11 

i.e., select 

63 


Sixth size 

100.00 

i.e., select 100 j 


Similarly, the step size of the other series can be determined for 

5-series 

q = \/10 

= 1.5849 

or a step increase by about 60 ° 0 

10-series 

q = ■< 10 

- 1.25S9 

or a step increase by about 25 % 

20-series 

q = v 10 

= 1.1220 

or a step increase by about 12% 

40-series 

q = v'10 

= 1.0593 

or a step increase by about 6 % 


The basic preferred numbers for all these series, as suggested by the Inter¬ 
national System, are shown in Table 5-1. where the given rounded numbers do 
not depart from the theoretical calculations by more than 1.3 per cent. The 
5-series is given in column A. To obtain the 10-series, column E should be 
added; hence the series would read: 10, 12.5, 16, 20, 25, etc. Similarly, for the 
20-series read: 10, 11.2, 12.5, 14, 16, etc. 


10 (given) 

10 x q 
10 x g 2 
10 x q 3 
10 x g 4 
10 x q 5 = 100 (given) 


5 steps 


Table 5-1 


Basic Preferred Xumbers 


Column 


(10 to 100) 


A 

B 

C 

D 

E 

F 

G 

H 

10 

10.6 

11.2 

11.8 

12.5 

13.2 

14 

15 

16 

17 

IS 

19 

20 

21.2 

22.4 

23.6 

25 

26.5 

28 

30 

31.5 

33.5 

3o.o 

37.5 

40 

42.5 

45 

47.5 

50 

53 

56 

60 

63 

67 

71 

75 

80 

85 

90 

95 


100 


5 series (60% steps), column A 
10 series (25% steps), columns *4, E 
20 series (12% steps), columns *4, C, E, G 
40 series ( 6% steps), columns .4, B, C, D , E , F, G, H 




78 


Production Planning and Control 


Simplification 

Simplification is a constant source of disagreement between the sales depart¬ 
ment and the production personnel. A production engineer prefers little variety, 
minrmnrn setups, and long runs (Fig. 5-8). Simplification enables the production 
department to improve planning, achieve higher rates of production and machine 




C D A F E 


(a) Production of Variety 



Preparation 
and setup 



Production 


(b) Reduction of Variety 


Figure 5-8. Effect of variety on scheduling . 


utilization, and simplify control procedures. The salesman, on the other hand, 
strives to satisfy the customer by giving him a choice or by offering him the 
nearest to what he wants. The pro's and eon’s of simplification are given in the 


accompanying listing. 

Pro Simplification 

Reduce inventories of materials and 
finished products 

Reduce investment in plant and equip¬ 
ment 

Save storage space 

Simplify planning and production 
methods 

Simplify inspection and control 

Reduce required technical personnel 

Reduce sales price (through production 
simplification and reduction of distri¬ 
bution costs); hence expand the 
market and the plant 

Shorten or eliminate order queues 


Pro Variety 

Satisfy a wide range of demand 
Enable better contact with the market 
to study its tastes and requirements 
Avoid losing orders for more salable 
products because the customer directs 
all his orders to other vendors 
Create demand 


The last point in favor of variety deserves, perhaps, some further clarification. 
Some sales people claim that variety encourages consumption and that, es¬ 
pecially where consumer goods are concerned, the psychological effect of plenty 
creates demand. Furthermore, market research by some firms seems to suggest 
that in some cases similar products tend to capture roughly the same portion of 
a given market . The prospects of increasing total demand on the one hand and 
the firm's portion of the market on the other, may have been the main causes for 
boosting variety to the extent found nowadays in industry. From the customer’s 
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point of view this is a very unsatisfactory state of affairs. A flood of variety 
confuses the customer, who ceases in many cases to appreciate, the fine differences 
between similar products and has either to make a haphazard choice or to invest 
effort, time, and study (and quite often money) to enable him to make an 
intelligent choice. 

This is undesirable for the firm as well. Apart from missing all the advantages 
listed above when simplification is applied, an analysis of the market sometimes 
shows that variety has long passed the saturation point and that an increase in 
variety will not be even noticed in the market. Also, the division of the market 
between too large a number of products makes each portion so small that prices 
have to be kept at high levels to avoid losses. This problem is further discussed 
in the next chapter. 

100 
90 

© 

o 80 

U 

~ 70 

m 
© 

o 60 
in 

1 50 
o 

!l 40 
o 

c 30 
© 

U 20 
© 

^ io 

0 10 20 30 40 50 60 70 80 90 100 Figure 5-9. Analysis of sales by 

Per Cenf of Products products . 

When a great variety exists, a sales analysis can be made to establish the 
liability of the products. When the accumulative sales income is plotted against 
he number of products offered for sale, it is very often revealed that a compara- 
ively small number of products contributes very little in this respect (Fig. 5-9). 
rhis is sometimes referred to in industry as the “25% to 75%” relationship 
>ecause in many cases it was found that 25 per cent of the products brought in 
r 5 per cent of the income, although in some extreme cases studies revealed as 
mall as 10 to 90 per cent relationships. This leads to unnecessary drain of the 
inn’s efforts, which should be directed to promoting the more profitable products. 
i more desirable situation is when responsibility for income is more evenly 
listribut-ed betw^een products (i.e., when the curve is “flat” as is the lower one 
n Fig. 5-9), which is achieved through reduction of variety. 

The break-even analysis 

The effect of quantity on the profit contribution of the product is illustrated 
a Fig. 5-10, where the sales income is represented by the straight line bQ, in 
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which Q is the quantity sold and b is the income per unit. The costs to the firm 
consist of: 

Fixed costs F, which are independent of the quantity produced and include 
executive salaries, depreciation of plant and equipment, etc. 

Variable costs aQ , where a represents the constant total costs per unit, including 
materials, labor, and other direct costs that vary with the plant activity. 
The variable costs are shown in Fig. 5—10 by the straight line aQ . 



The division into fixed and variable costs represents only an approximate 
interpretation of the total costs function and may not be valid for a very 7 wide 
range of Q {this problem is further discussed in Chapter 20). 

The total costs are given by the summation of fixed and variable costs 
(F — aQ), and the point of intersection of this line with that of sales income is 
the break-even point (BEP) corresponding to a sales volume Q v Activity below 
Qi results in a loss: activity above Q T gives profit. At the point of intersection, 


hence 


F -f <*Q i = bQj 


Qi = 



(5-1) 


If a plant is operating at point Q 2 . it is working with a margin of safety (denoted 
by A), which can be defined as follows: 


* _ Q'l Ql Q'2 

. “ Qi 

and it can be shown that 


1 


(5-2a) 




(5-2b) 


where Z is the profit of the plant. The desirable level of the plant activity can 
be expressed in terms of the safety margin or the profit as 


Q2 — f?i(l 




(5-3) 
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The margin of safety is a measure of healthiness at the point of operation. When 
the margin is too small (i.e., when the product is manufactured near the break¬ 
even point), the plant is prone to market fluctuations. 


Table 5-2 


Sales Data 



Quantity 

Sales Income 

Net Projit 

Total Cost 

Month 

(units sold) 

x 10 3 {$) 

x 10 3 (S) 

x 10 3 ($) 

Jan. 

409 

40.9 

- 4.5 

45.4 

Feb. 

505 

50.5 

- 1.5 

52.0 

March 

612 

61.2 

-f- 4.0 

57.2 

April 

751 

75.1 

4 9.5 

65.6 

May 

786 

78.6 

4- 9.0 

69.6 

June 

802 

80.2 

4-12.0 

68.2 

July 

791 

79.1 

4-12.5 

66.6 

Aug. 

808 

80.8 

412.0 

68.8 

Sept. 

701 

70.1 

4 7.5 

62.6 

Oct. 

626 

62.6 

4 5.0 

57.6 

Nov. 

430 

43.0 

- 3.0 

46.0 

Dee. 

710 

71.0 

4 7.4 

63.6 

Total 

(annual) 

7,931 

793.1 

469.9 

723.2 

Monthly 

average 

661 

66.1 

4 5.83 

60.3 


Example 

An analysis of annual sales is given in Table 5-2. The sales income and the 
total costs are plotted against quantity in Fig. 5-11. from which the fixed costs 
F = $21,000 per month are obtained. The BEP (break-even point) occurs at 



0 loo 200 300 400 500 600 700 800 Figure 5-11. A monthly break-even 
Quantity, Number Sold chart (See Table 5-2) 
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Q x = 520 units, so that during three months the plant was working below this 
point. To find the coefficients a. b: 


(average total costs) — (fixed costs) 


21 . 0 ) 10 3 


average quantity 

b = average sales income = 661 X 10 3 = m dollar/unit 
average quantity 661 

The margin of safety is 

A = Ql ~ 100 = 661 ~ °~° 100 = 27.1% 

Q 1 520 

The abscissa may be marked either in quantity or in sales income (in which case 
the income lin e bQ has a slope of 4o~, if ordinates have the same scale). The 
coefficients a, b were calculated for a quantity diagram, but if plant activity is 
measured in sales income, then 

(average total costs) — (fixed costs) 
average sales income 

= (60-3 ~ 21.0)10^ = 0 60 doUar / doUar 

66.1 X 10 3 
5=1 (slope 45°) 


== 59.5 dollar/unit 


«MOO- 6 iL 


100 = 27.1% 


= 0.60 dollar/dollar 



Sales Income, XlO 3 Dollars 

o 2,00© aooo 6,000 8,000 Figure 5-12. An annual break-even 

Quantity, Number Sold chart. 

The break-even chart may be either on a monthly (Fig. 5-11). or yearly 
(Fig. 5-12) basis. A low BEP is highly desirable because it increases the safety 
margin of the product. From Eq. 5-1 it is obvious that the BEP can be lowered 
by three methods (see also Fig. 5-13) as follows: 

Reduce the fixed costs from F to F\ thus lowering the BEP to 

F f 

q\ = q, ¥ 
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Reduce the variable costs coefficient a to a'; hence 


ft i = ft 



a 

a' 


Increase the slope of the income line from b to b' : the new BEP being 


Q\ = ft 


b — a 
b' - a 




(b) Reduce the Variable Costs 



Figure 5-13. Methods for loicering the break-even point . 
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A similar diagram to the break-even chart, called*the profit-volume chart is 
shown in Fig. 5-14, where the fixed costs are marked as a negative quantity on 
the ordinate. The BEP is given by the intersection of the income line with the 
abscissa. Operation below the abscissa incurs a loss; operation above it, a profit. 



The profitability of the product is indicated by the slope of the income line, 
called the PjV (Profit-Volume) ratio and denoted by o: 


fixed costs (profit) + (fixed costs) 
volume at BEP volume 


and the profit 


Z = (b — a)Q — F — oQ — F 



a 


(5-4) 

(5-5) 


As in the break-even charts, volume or activity can be measured either in sales 
income or in quantity. In the example cited above, 

v ]A3 

© = — - = 0.40 dollar/dollar 

625 X 10 3 1 

or 

05-7 y 1Q3 

© = — - = 40.3 dollar/unit 

6,250 1 


A multiproduct profit-volume chart 

In a multiproduct activity the profit-volume chart can be constructed as 
shown in Fig. 5-15, where three products A, B, and C are considered. First the 
fixed costs of A are marked downward on the ordinate. For the quantity produced 
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Figure 5-16. .4 multiproduct profit-volume chart. 
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of A, a loss (also marked negatively) occurs; hence the P/V ratio for A is estab¬ 
lished. The diagram is now repeated for the other products, and for each the 
BEP can be found. The accumulated profit of the plant is given by the ordinate 
of the final point on the broken PjY line and an equivalent P/V line, which is 
determined by the total profit and total fixed costs. 

Another form of a multiproduct chart is given in Fig. 5—16, where the total 
fixed costs are marked prior to drawing the broken PjV line. In this chart, too, 
the individual and the equivalent BEPs can be found, but it also provides a 
ready visual comparison between the PjV ratios. In Fig. 5—16, the P/V for A 
and B are better (i.e., steeper) than the equivalent P/V, "whereas the one for A is 
comparatively lower. This would indicate that, in order to increase the safety 
margin of the plant, management should: 

1. Increase the PjY ratio of product A and thus improve the equivalent P/V 
ratio and lower the equivalent BEP; 

2. Prefer products B, C by expanding production of these products either 
absolutely or even at the expense of product A. if this is possible. 

From the break-even analysis we may conclude that an increase in production 
activity is always desirable {when b > a) 7 since the profit becomes constantly 
larger when the margin of safety is increased. There are, however, two restric¬ 
tions on such an expansion, namely: the limited capacity of the market to 
absorb and the limited capacity of the plant to produce. The main issue involved 
is the allocation of the limited facilities of the plant to the various products 
within specified restrictions. The problem may perhaps be best illustrated when 
two products are considered. Suppose a plant produces Qa units of one product 
and Qb of another, so that 

Qa — Qb = Q 

where Q is the total available plant capacity. How should this capacity be 
allocated to maximize profit? 

In a two-dimensional coordinate system (Fig. 5-17) the condition Qa Qb 
= Q is represented by the line 1-2, which is the locus of all points of maximum 
activity. Any point inside the triangle 0-1-2 corresponds to operation below 
maximum capacity, a point on the ordinate 0-1 implies production of product 
A alone (the maximum possible volume being Q at point 1), a point on the 
abscissa 0-2 refers to production of product B alone (the possible maximum 
being at point 2). The profit function at point 1 as w r e move along 1-2 is 

Qa = Q; Qb = 0 

The profit when only product A is produced ( using Eq. 5-5) is 

— 9 aQ Pa 

When one unit of product Bis produced: 

Qa=Q-1; 

Qb = 1 (point 3) 

Z z — 9a (Q — I) + ?b — (Pa + Pb) = + <p B — q> A — F B 
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lost In every situation 

9 B — < FB, 


point 2 : 

ce Z 2 = 9 bQ — P jsf* 


Qa = 0 ; 


* * • ^ ^1 


Qb — Q 


ere only one unit of A is produced: 

Qa=1; Qb = Q — 1 (point 4) 

Z 4 = Z 2 + <? A — 9 B — ^ < (usually) Z 2 


l at any point between 3 and 4: 

Z = + 9 jb 6 b — (F^ + -Fb) 

= 9 aQ + (9 b — 9 a)Qb — (Pa + Pb) 


i is a linear function of Qb, as shown in Fig. 5-17. The above analysis is based 
he assumption that the total fixed costs are apportioned to Fa and Pb and 
i when one product is eliminated from the program, its fixed costs are elimi- 
d too. Usually, in practice, t his is not so, and residual fixed costs of the 
inated product have to be borne by the remaining products, in which case 
values of Z Y and Z 2 are somewhat lower than computed above. 



Figure 5-17. Profit function icith 
two products -4 and B tchen total 
plant capacity is limited . 


is apparent from Fig. 5—17 that the best solution is a comer point (this is 
ler discussed in Chapter 12); therefore if management can afford to eliminate 
nets, it should do so. By computing Z x and Z. 2 and finding which is larger, 
simple to ascert ain which product should be preferred. This analysis should 
sate why simplification and specialization are so beneficial, 
lother interesting fact illustrated in Fig. 5—17 is that product -4 on its own, 
gh less profitable than product B, is still better for the organization than 
s combinations of A and B. In fact throughout the whole range of 1-5 no 
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such combination yields a profit as high as A does when produced alone. The 
condition of point 5 is given by 

= 

oaQ + (?s — ®a)Qbo — {Pa + P b) = ®aQ — Pa 
or 



OB ~ ?.4 


As already pointed out, elimination of products and specialization are not 
always possible. It may be that a certain amount of product A has to be pro¬ 
duced (for instance, because their supply may be conditional to marketing 
product B). so that Qa ^ Qag (point 6, Fig. 5-17), or that the maximum quantity 
of product B that can be sold is restricted, i.e., Qb ^ Qb 7 (point 7). The range 
6-7 provides the flexibility that may be allowed within these restrictions, but 
from the above analysis the decision rule that emerges can be simply stated as 
follows: 

1. When the range 6-7 falls between 1 and o, eliminate product B and con¬ 
centrate on A. 

2. When the range 6-7 does not fall between 1 and 5, select the extreme point 
6 on this range for maximum profit under the stated conditions (i.e., produce as 
little of A as possible). 

When n products are manufactured, the total profit is 

z = 2 ?iQi - 2 Fi 

2 = 1 1 = 1 

and the problem is to find the quantities Q { that would yield maximum profit, 
where o* ^ 0 and F i ^ 0. The total plant capacity is restricted, so that 

2 Qi^Q 

2 = 1 

but the quantity for each product must be above a certain value specified by the 
sales department and endorsed by management policy; hence 

Qi ^ At > 0 

Where no minimum quantity has to be met, A = 0. This is a linear programing 
problem, the profit function Z being a sum of linear terms. It is not proposed to 
relate in detail here the procedures by means of which an optimal solution may 
be sought, and the reader is advised to consult treatises on linear programing for 
this purpose. 3 If it is assumed that the fixed costs per product disappear when 


s See also Chapter 12. 
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he product is deleted from the schedule, we must add another condition; 
tamely, 

jp, = o if e* = o 

diich implies that the profit function is discontinuous at the so-called corner 
obits (a corner point is one where a variable Q t = 0). One of the theorems in 
near programing states that an optimal solution is obtained at a corner point, 
nd this would suggest that a simplification program based on elimination of 
roducts is worth while (provided the plant capacity can still be fully employed 
n the product retained in the production schedule). 

One additional remark about the construction of a multiproduct chart: as 
icome per unit is probably different for different products, plant activity (the 
bscissa) should be given in sales income in order to preserve the same scale, 
f measurement of activity in quantities is desirable, equivalent rather than 
bsolute quantities have to be used; the criterion of equivalency may he deter- 
dned by ratios of incomes per units, as shown by the accompanying table, 
hich refers to the example shown in Fig. 5-15. 


Product 

Sales 

Income 

($) 

Quantity 

Sales 
Income / 
Unit 

Equivalent Quantity 
(take product A as 
a basis) 

A 

8,000 

20 

400 

20 

B 

13,000 

100 

130 

130 

100 * «o = 32 - 5 

G 

11,000 

40 

27 5 

40x |? = 27 . 5 

Total 

32,000 
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he alternative scales for plant activity are shown in Fig. 5-15. 

Special attention should be paid to the units of the abscissa, especially when 
Le break-even study is governed by restrictions on the plant total capacity, 
"hen this capacity is limited, the allocation of facilities to the most promising 
eduets becomes the crucial problem of the analysis, and this study should be 
.rried out in terms of the total available capacity. Suppose we had a plant 
•odueing (at full capacity) four products: 


Product 

Quantity { annual } 

A 

2,000 units 

B 

4,000 units 

G 

5,000 units 

D 

6,000 units 


we know that in production capacity one unit of product A is equivalent to 
r o units of product B, one-half unit of product C, but only two-fifths of product 
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D, the over-all activity can be calculated in terms of any one of these products, 
as shown in the accompanying table. 

Equivalent Quantity expressed in units of: 

Product A Product B Product C Product D 

Product Quantity x factor units x factor units x factor units x factor units 

A 2,000 1 2,000 2 4,000 I 1,000 I 800 

B 4,000 | 2,000 1 4,000 i 1,000 h 800 

c 5,000 2 10,000 4 20,000 1 5,000 t 4,000 

2> 6,000 24 15,000 5 30,000 11 7,500 1 6,000 

Total 29,000 58,000 14,500 11,600 

Any product analysis in terms of the quantities as originally stated may he 
grossly misleading and a common denominator in the form of equivalent units 
is necessary. The total capacity is clearly defined in the table as 29,000 units of 
product -4, or 58.000 units of product B , etc. This common scale, with the aid of 
the given conversion ratios, enables us to investigate the effects on the plant 
position by the expansion of one product at the expense of another. 

In conjunction with multiproduet P/V charts, analysis of sales by products 
(Fig. 5-9) and analysis of profit by products should be carried out. The example 
given in Fig. 5-18 is clearly one that calls for action to reduce variety. The low 
total profit suggests that the plant is operating very near the BEP. It would 
also seem that products 2, 5, and 6 are the main causes for the low level of total 
profits. A Pj V chart will show how far these products are below their respective 
BEP\ and if neither their volumes nor their Pf V ratios can be substantially 
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Figure 5-18. Analysis of profit by products. 
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increased, management should seriously consider whether the elimination of 
these products from its schedule would be w r orth while. Furthermore, about half 
the number of products have very low sales incomes and profits (some of them 
even incur losses), and their inclusion in the production program should be 
questioned. 

The Economics of a new design 

When the launching of a new design or model is contemplated, a careful 
analysis of the economics of the proposed project has to be undertaken. The 
purpose of introducing a new model to the market may be twofold: 

1. To increase the profit of the organization. 

2. To avoid decline in sales of an existing model due to severe competition. 
Such a situation calls for incorporating novelty and new features in the com¬ 
pany's products; even when no immediate increase in the profit is envisaged, it 
is aimed to achieve such an increase on a long-term basis. 

The profit of an existing product is computed, using Eq. 5-5, as 

Z x == o 1 Q 1 — F (5~5a) 

where Q x is the number of pieces sold. If a new design is to be put into production, 
preparation costs incurred will include: 

Design and engineering 
Production planning 

Tooling, jigs, and fixtures; resetting of machines, etc. 

Purchase of special machines or equipment 
Changes in layout 

These preparation and "changeover" costs (symbolized as s) will have to be 
returned by the new design, so that the new profit should be 

Z 2 = o 2 Q 2 — F — s (5-6) 

It has been assumed here that the fixed costs are mainly dependent on the 
existing machinery of the organization and are therefore not likely to change 
very much. It is desirable that the new profit will be larger than, or at least equal 
to, the existing one or 

Z 2 ^ Zj 

hence Z 2 — Z ± = o 2 Q 2 — o 1 Q 1 — s > 0 

This condition tells us how many units of the new design ought to be sold in 
order to ensure that total profit does not decline: 





(* 



D 


or 


(5-7) 
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where D stands for the ratio 


^ 9 X PjV ratio of old design 
o 2 PjV ratio of new design 

It is dear that unless the Pi V ratio of the product can be greatly improved, the 
organization will have to sell more in order to justify the capital investment 
required for the introduction of the new design. If, for example, the PjV ratio 
of the new design remains at the same level as that of the old one, 

D = 1 


hence 

or 


Q -i ^ s 
Qi' Z, + F 


1 


Q 2 > Ql 


This fact is illustrated in the profit-volume chart shown in Fig. 5-19. 
L i n e X represents the existing product, yielding profit Z 1 when units are sold. 



Figure 5-19. Effect of P V ratio on the required market size of a netc design . 

For a new design, the preparation costs are added to the fixed costs F. If the 
P 1 ratio is unchanged (line (2)). it is necessary to sell Q 2 units to obtain the 
same profit. From the similarity of triangles it is easy to see that in this case 

Q 2 s -f Z x + F 
Wi = Z 1 + F 

winch is what we obtain from Eq. 5—7 when D = 1. If an increase in the market 
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is not envisaged, the Pj V ratio must be increased (line (3)). It is possible to 
achieve the original profit at Q 3 < Q x if the P/V ratio is steep enough (line Qj). 
However, even when the number of pieces sold is to remain unchanged (0 4 = Q ± ), 
it is necessary to have a higher P/ V ratio than the existing one (line @), while 
a decrease in the Pj V ratio will increase appreciably the required sales volume 
(line ®). 


Example 

The annual fixed costs of a product are known to be $200,000 and the annual 
net profit $40,000, the average monthly sale being 820 units. A new design is 
contemplated, involving an expenditure for preparations amounting to $80,000, 
to be returned in two years. It is expected that with new production methods the 
P/ V ratio may be increased by 5 per cent. What should the amiual sales figure 
for the new design be 


(i) so that the same net profit will be realized; 

(ii) so that in addition to this profit a yield of 10 per cent on the capital 
invested will be obtained? 


Sol ution 

(i) The ratio D = 1.00/1.05 
s = 80,000/2 = $40,000. 


0.95. The additional expenditure per year 


^ (l -j--- \ D = (\ J-fOOOO-\ g = l n 

\ -f F) \ 40.000 -f 200,000/ 


Annual sales required: 


Q 2 ^ 1.11 Q 1 = 1.11 x 12 x 820 = 10,820 units 


(ii) In the first year 10 per cent of the investment (i.e., $S,000) has to be 
added to the profit, or Z* = $48,000. The following expression for QJQ 1 can be 
obtained by use of Eqs. 5-5a and 5-6. 


Hence 

or 



Q, 40,000 A 48.000 - 200,000 A _ T . . 

— = —-------0.9o — 1.14 

Q 1 40,000 a 200,000 


Q 2 ^ 1.14 x 12 x 820 = 11,220 units 


(5-9) 


Similarly, in the second year, 


and 

or 


Z 2 = 40,000 A 4,000 - $44,000 

Q* 40,000 A 44,090 A 200,000 x ^ 

Q 1 ~ 40,000 A 200,000 ' ° 

Q 2 ^ 1.12 x 12 x 820 = 11,020 units 
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The case where the same profit should be realized by an unchanged volume of 
sales deserves special attention. It is often very difficult to forecast, let alone 
ascertain, an increased market for a new design, and considerations of “change- 
over 55 have to be based on the assumption that the sales volume will remain 
constant, i.e., Q t = Q 2 . As already mentioned, this will require an improvement 
in the Pj V ratio, which can be quantitatively determined by 


(> 



D = 1 


This relation is shown in Fig. 5-20. Any point on the curve refers to a resultant 


profit equal to the existing one, w'hile for 
profit is implied. 



0 '-- 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 


Z,-rF 


any point below' the curve, an increased 


Figure 5-20. Required improvement 
of the P/V ratio urhen Q i = Qo to yield 
a profit Z 2 > Z\. 


Example 

In the preceding example, determine the required Pj V ratio for the new 
design in order to yield at least $40,000 annual profit, assuming the market size 

remains unchanged. 

Solution 


Z 1 p F 


== 0.17 


corresponding to (see Fig. 5-20) 

At present F P Z, 

=-:-- 

& 


D = < 0.85 

O* 


200,000 + 40,000 
820 x 12 


= $24.4 unit 

The required 9 for the new design is 


o-, 24.4 

: ~ = 28.6 dollars/unit 

D 0.85 
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deduction aspect 

Last but not least in the list of factors influencing design is the production 
Lspect. The product need not only be well planned on the drawing board, but its 
iesign must also be capable of being eventually translated into palpable fact, 
[he designer must therefore face a multitude of practical production problems. 
Design for production’ 5 has become a motto among designers. The following 
hree aspects of production engineering have to be weighed: 

1. Selection of processes that- will be the most suitable and economical for the 
rarpose. Such a selection will have to consider: 

(i) The production quantities involved. Some processes are very expensive 
o operate unless used for a suitable production run. 

(ii) Utilization of existing equipment. Such considerations may override 
cquisition of equipment for an ideally more suitable process. 

(iii) Selection of jigs and fixtures and other production aids, the use of 
hieh may affect the design of components. 

(iv) Sequence of operations and methods for subassembling and assembling. 

(v) Limi tation of skill. The selection of a process must be compatible with 
vailable skill and sometimes may be solely governed by it. Mechanized and 
ushbutton equipment is particularly suitable to nonskilled or semiskilled 
perators, but it is usually expensive to install and must be justified by long 
ins. 

(vi) Application of new production processes. The designer has to consider 
ot only conventional techniques but also the latest developments and research 
tto newer production methods. 

2. Utilization of materials and components with the view of: 

(i) Selection of materials having appropriate specifications 

(ii) Selection of method or design to reduce w r aste and scrap 

(iii) Using standard components and assemblies 

(iv) Having interchangeability of components and assemblies within the 

roduct. 

3. Selection of appropriate workmanship and tolerances that satisfy quality 
‘quirements, but which are at the same time compatible with the precision and 
lality that can be attained through the available processes. Specification of 
lality may also affect the selection of processes. 

These production aspects are analyzed in more detail in Chapter 8 and have 
i be considered in detail in the production planning stage. Their implications 
ust, however, be understood by the designer right from the outset. Being an 
q»ert on production processes and methods is perhaps beyond the expected 
>rma! capacity of the designer, since the field is so wide that specialization in 
s various aspects is essential. Design and production must therefore be 
ordinated, and methods engineers have to be brought in at the design stage to 
ntribute their part to the solution of the problems that arise from time to time. 
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Sometimes a project engineer is assigned the job of accompanying the product 
from the development stage to the production stage, in order to ensure continuity 
from one stage to the other and the integration of expert opinion at the right 
moment. 

Summary 

Product development and design is primarily governed by management 
decisions with respect to quality and pricing policy. A development program 
and a market survey can provide information as to market potentialities as well 
as functional, operational, dependability, and durability requirements and 
possibilities. Selection of the functional scope and application of standardization, 
simplification, and specialization principles are closely related to plant efficiency 
and to its net profit and must therefore be an integral part of management policy. 
The economies of a proposed new product or new model have to be analyzed in 
order to establish the market size that would justify production. Aesthetic 
considerations come normally at an advanced stage, but may sometimes be a 
dominant factor in design, especially with consumer goods. Finally, product 
development and design must be carried out with close liaison with the produc¬ 
tion departments, in order to ensure that the right materials and processes are 
utilized and that their implications are considered at a fairly early stage. 
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Problems 

1. From your own experience discuss examples where functional or operational 

features were the main cause for purchasing or discarding certain products. 

2. A product involves $6,000 per annum as fixed costs and yields $3,500 profit. The 

sales income is $16,000. Draw a profit-volume chart and find the profit-volume 

(P T) ratio. 

3. A plant manufactures products A, B. and C at the annual rate of 8,000, 6,000, 

and 4.000 pieces, respectively. Product A gives a P/V (profit-volume) ratio of 
$1.75 per unit, but a loss of $8,000 is incurred. Product B has $32,000 fixed 
costs and has the same P/V (profit-volume) ratio as the whole plant. For pro¬ 
duct C the fixed costs are $44,000. The net profit of the plant is $15,000. 
t i) Draw a profit-volume chart as a function of plant output capacity when 
it is known that in terms of plant capacity 1 unit of A — 1.2 unit of 
B = 0.5 unit of C. 

(ii) fr was suggested that the volume of product A should be increased to 
the break-even point to avoid a loss. This increase can be done at the 
expense of the volume for product B, while the volume of C remains 
unchanged. Find the net profit resulting from such a move. 
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(iii) Management policy demands a minimum annual volume of 3,000 
pieces of each product . W hat production plan would you recommend 
Tvith the present available capacity and what net profit would you 
expect? 

4. A plant has a monthly sales income capacity of $96,000 and is producing two 
products, the data of which is as follows: 

Product A Product B 

Fixed costs, F SI6,000 $34,000 

Break-even point $43,000 $35,000 

Profit +S 8,000 -$ 3,000 

In view of the high fixed costs and the loss incurred by product B, it was 
suggested to management that product B should be eliminated and production 
should be concentrated on product A. Analyze the situation and comment on 
this suggestion. 

k A plant was found to produce 25 products according to the following table: 


Product 

Sales Income 
($) 

l 

308,000 

2 

209,000 

3 

83,000 

4 

74,000 

5 

41,000 

6 

35,000 

7 

21,000 

S 

13,000 

9 

11,000 

10 

6,000 

11 

5,000 

12 

5,000 

13 

4,000 

14 

2,900 

15 

1,800 

16 

1,700 

17 

1,600 

IS 

1,000 

19 

1,000 

20 

1,000 

21 

800 

22 

800 

23 

800 

24 

800 

25 

800 

Total 

S20,000 


Profit 

Fixed Costs 

(S) 

(S) 

32,800 

62,000 

15,200 

41,000 

- 8,200 

19,000 

5,200 

16,000 

8,200 

8,000 

7,800 

7,000 

- 4,000 

4,000 

- 1,500 

2,600 

- 1,100 

2,200 

500 

1,200 

400 

1,000 

400 

1,000 

200 

800 

300 

600 

300 

500 

- 500 

500 

- 400 

500 

200 

500 

200 

500 

100 

500 

100 

300 

- 100 

300 

- 100 

300 

- 100 

300 

300 

300 


Assuming the plant capacity is limited to the total sales income, explain 
how you would go about analyzing the data with the view to reducing the 
variety of products. What changes would you recommend? Compare the exist¬ 
ing equivalent P/V ratio with the one obtained after the proposed simplification. 
W hat improvement can be envisaged in the margin of safety? 
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6. A product is manufactured at the break-even point. A committee has studied the 

situation and has recommended substituting the product by a new design, in 
spite of the fact that the additional setup costs will amount to 50 per cent of 
the fixed costs. The sales department has assured the committee that sales 
of the new product can be expected to be 20 per cent above the existing level. 
What are your views about the committee’s report? 

7. The break-even point of a product occurs at a sales income of $120,000, but 

normally the sales income is $180,000, the fixed costs being $100,000. A new 
product involved additional costs of $20,000, but the P/V ratio was improved 
by 20 per cent and sales income increased to $240,000. What net profit did 
the new design yield? 

8. If the P/F ratio remains unchanged when introducing a new product, explain 

how Fig. 5-20 can be used to assess the sales volume required, when the 
preparation costs, fixed costs, the existing profit, and the desirable profit 

are known. 

9. Design for appearance is incompatible with design for durability. Discuss this 

statement. 



SALES FORECASTING 
AND ESTIMATING 


We have seen how the whole policy of product development and design is 
primarily dependent on the demands of the market, irrespective of whether this 
demand already exists or has to be created. 

The effect of sales volume on the cost of production and the margin of safety 
at which the plant operates were also demonstrated in the previous chapter. If 
everything that is produced could be consumed by the market, the best policy 
w'ould be to select that product which yields the highest profit-volume ratio or 
the one with the best prospects of doing so in the reasonably near future. Such a 
policy leads to increased specialization, with its obvious technical advantages. 
It facilitates concentrated effort in research and development in a narrow field, 
but it also makes the firm more and more dependent on one particular product. 
This dependence implies that a careful study of the market is warranted, to 
provide management with useful data on which to base its current development 
program, and to adjust production output and analyze the plant capacity in 
relation to total market demand. 

When concentration of the plant facilities on the products with the highest 
profit-volume ratio is impracticable or impossible, owing to limited demand or to 
fundamental management policy considerations, the distribution and utilization 
of facilities (manpower, materials, machines, time, money), in producing different 
products or models depend on the relation between output and demand. If too 
much of one product is produced, the surplus has to be carried in stock for a 
long period. Moreover, available facilities are used up in overproduction so that 
opportunities to produce another product for which a demand exists will be 
lost. 

All these contingencies emphasize the need for fundamental data in the form 
of sales forecasts, on which both product design and allocation of plant facilities 
can be based. The main purposes of sales forecasting and market research may 
be summarized as follows: 

I. Data should provide the basis for decisions on production volumes; in 
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>ther words, the sales or demand forecast should provide enough data to facili¬ 
tate the specification of production targets as a function of time. 

2. Data should provide information about the relationships between demands 
dr different products, so that a healthy balance of production can be worked out 
n terms of the quantities required of the various products—again as a function 
>f time. It is obvious that such a balance will not only dictate the broad outline 
)f the master production schedule but will also greatly affect the utilization of 
equipment and manpower, and hence the efficiency of the plant as a whole. 

3. It follows that the sales forecast, by virtue of its providing the basis for 
the production schedule, is the starting point for budgeting too. Here, again, 
proper planning for the maximum utilization of the plant financial resources and 
for arrangement of credits can only be undertaken when the management decides 
m the volume of production after a thorough analysis of the sales forecast. 

4. Inventory policy is also affected by the sales forecast, since problems con¬ 
nected with inventory are closely related to the production schedule and to 
budget policies. 

5. Data are needed on which to base plans for the future of the plant as a 
whole. Is the demand for certain products likely to increase, and if so, by how 
much I Quantitative analysis of trends in demand are invaluable to the engineers 
occupied with problems of expansion and of major changes in production pro¬ 
cesses and methods. 

6. Future trends are of great interest to those engaged in product develop¬ 
ment. If a certain group of products is facing a contracting market, owing to a 
multitude of possible reasons, should the company continue to invest in develop¬ 
ing such products, or should it divert its resources and concentrate on others ? 
These are considerations that may affect the more distant future of the company, 
and the purpose of market study is to provide some guidance in resolving these 
important issues. 

7. Pricing policy may also be affected by market research. Pricing is related 
to the sales volume, but in addition to that, a scrutiny of the market provides 
information about the state of competition and affects pricing policy accordingly. 

S. Finally, the results of market research may be useful not only for the pur¬ 
pose of sales control and for evaluating sales progress but also to plan the sales 
campaign as a whole, including the methods'that should he adopted for distri¬ 
bution and sales promotion. 

Thus, market research is an indispensable part of the planning function of the 
organization. The study of those factors in the market that contribute to the 
final sales forecast is so closely associated with sales activities that it is very often 
included as one of the functions of the sales department. In this chapter, how¬ 
ever, we shall be mainly concerned with some of the techniques that, contribute 
to a sales forecast, rather than with activities that are*directed toward promoting 
?ales. The reader interested in marketing should consult special treatises on the 
subject, some of which are mentioned at the end of this chapter. 


Sales Forecasting and Estimating 101 


Is Forecasting a Black Art ? 

Predicting the future is one of the most difficult problems which scientists 
have had to tackle. In a purely deterministic system, where an unequivocal 
relationship between cause and effect has been clearly established, it is possible 
to predict very accurately the course of events in the future, once the future 
pattern of causes is inferred from past behavior. Thus, in a set of experiments in 
classical physics, when a definite sequence of operations is performed, the out¬ 
come can be described in advance. Likewise, within a reasonable span of time the 
celestial bodies behave in a deterministic manner, and therefore their movements 
and positions in the future are predictable to a very high degree of accuracy. 

Economic systems differ fundamentally from the above systems in two 
respects. First they depend on factors that have a very high degree of variability, 
so that any attempt to predict their behavior in deterministic terms has no 
justifiable basis. Secondly, the systems are highly complex in structure and do 
not lend themselves to description with the aid of a small number of major 
variables, as do many phenomena in classical physics. The interrelationships of 
variables within economic systems are so intricate that, even in deterministic 
terms, their effect on the behavior of the system is difficult to ascertain. Further¬ 
more, economic systems are often nonstochastic in nature, and their future 
behavior depends on their development in the past. However, the effect of the 
past and present on the future varies greatly and the nature of this relationship 
is often not clear. 

For all these reasons sales forecasting is not a precise business science, and the 
many attempts to simplify trends and behavior of forecasting methods, based 
on one or two variables, are therefore fundamentally invalid and prove to be 
unsuccessful. M. J. Moroney. a statistician, has written: ''Economic forecasting, 
like weather forecasting in England, is only valid for the next six hours or so. 
Beyond that it is sheer guessw'ork. v ’ And J. Jewkes. the economist, has commented: 
“A major error of economists is the belief that they can predict the future. It 
cannot be too strongly emphasized that there is nothing in economic science 
which enables us to foretell events. Those wffio claim otherwise are dragging down 
their subject to the level of astrology." These are perhaps harsh remarks for the 
optimists, who tend to accept forecasting with a few* slightly apologetic words. 
It is fair to say, however, that a comparison between sales forecasts and actual 
events in the past few* decades reveals unsatisfactory discrepancies and indicates 
the inadequacy of existing knowledge of the subject. A familiar case in point is 
the forecasts that are expressed from time to time of national economic trends 
and the wide variations of opinions of various authorities. These different and 
sometimes conflicting view's have one thing in common: Their authors try to 
simplify the system and mainly rely on a few* .selected variables, which they 
consider to be the dominant factors. By disagreeing on what the main factors 
are and by practically ignoring all the others, it is no wonder that different 
conclusions are reached. 
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Sales forecasts, however, are so vital to efficient production planning, that 
careful studies of a multitude of variables and whole systems, complex as they 
are, have to he undertaken. As those studies proceed and develop, the techniques 
for forecasting become more refined, more sensitive to detect interrelationship 
of variables and sometimes more accurate. Nevertheless there is little doubt that 
a great deal of further research into the behavior of economic systems will be 
required before sales forecasts become as accurate and as reliable a tool as the 
production engineer would like them to be. 

What Restricts Consumption? 

It was Adam Smith who stated that consumption is the sole end and purpose 
of all production. In the past century economists studied, evaluated, heatedly 
debated, and sometimes tried to modify this maxim, but the fact does remain 
that market research mainly revolves around the question: “What restricts 
consumption?" With an insatiable demand, there would be no need for sales 
forecasting, and production planning could be guided by technical considerations 
alone. 

Hence, analysis of the factors that limit consumption can greatly contribute 
to the understanding of the market, its peculiarities, and its trends. These 
factors can be grouped under: 

1. The product and its limitations 

2. The consumer and his potential buying power 

3. Competition, or values and utilities 

4. Saturation 

5. Distribution and promotion 

6. State of business 

The product and its limitations 

This part of market research is of great importance to product development 
and design. The various aspects of product development were discussed in the 
preceding chapter, and an analysis of these may solve many important questions, 
such as: Does the product possess all the functional requirements that are desired 
by the customer? Would it be wise to expand its utility by modifying its design, 
and if so, how should this be done (design of attachments, the question of 
versatility, the problems of setting-up versus running times, etc.) ? How should 
the design and specifications of the product affect the range of products to be 
produced, their sizes, the interchangeability of parts from one model to another, 
and the effects of variety on the production schedule? 

What would the outcome of a simpMcation program be? Would the elimina¬ 
tion of several products tend to enhance or to dampen the sales of other models 
or products of the company? Quantitative data are required to facilitate a 
logical analysis of simplification plans. 

What is the market s attitude to the quality of materials used and the quality 
of workmanship in relation to its functional attributes and its price? WTiat is the 
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effect of styling on the salability of the product, and to what extent is the 
periodic change of styling desirable? Would different packaging be more effec¬ 
tive? What are the implications of maintenance, breakdowns, repairs, availa¬ 
bility and prices of spare parts, and what conclusions should be drawn about 
the servicing policy of the company? 

The consumer and his potential buying power 

In order to understand the market and be in a position to prognosticate sales 
volumes, market research makes use of different kinds of collected data about 
the consumer. 

First, who is the consumer—an individual, a family, a company? What 
numerical facts should be known about him? What likely changes in the com¬ 
position of the population of consumers can be foreseen? Data about population 
structure, breakdown of wage earners, distribution according to ages and sex, 
distribution according to occupations and education, size and structure of 
families, rate of births and deaths and marriages, distribution of establishments 
according to size and main products—all these facts are readily obtainable from 
official statistical publications. 

Secondly, facts about buying power are required. Naturally, distribution of 
wage earners according to income is of great interest. Also useful are statistics 
about trends in the national wealth, the state of employment, industrial indexes, 
and level of savings in relation to earnings. These figures are particularly 
helpful for the understanding of general trends in consumption. 

Thirdly, the consumer’s attitudes, opinions, and tastes have to be studied. 
How t does he spend his money, his leisure? Here again, some existing statistics 
md surveys may enlighten us. These tell us, for instance, how much is spent on 
food, clothing, housing, furnishing, recreation, etc., as a function of personal 
ncomes. 1 What are the causes, if these can be ascertained, for a spending struc¬ 
ture of this kind? What groups of consumers deviate favorably from the average 
consumer, and would it be advisable to direct sales activities more toward 
them? 

What do the consumers want to have, and how do their wishes compare with 
vhat they can get? This pertains to the basic question already posed in the 
^receding chapter: Should the organization try to give the customer w r hat he 
vants or tell him what he should want ? In many cases manufacturers choose 
o ignore the customers’ wishes altogether, without properly evaluating the 
:onsequences. This is what President Eisenhow r er had to say on the subject 
n April, 1958: 

' personally think our people are just a little bit disenchanted by a few items that 
lave been chucked down their throats, and they are getting tired of them; and I 
hink it would be a very good thing when the manufacturers wake up—and I am not 

1 Example: Consumer Finances Survey , published by the Federal Reserve System, and 
►ased on a sample of 3,000 spending units. 
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going to name names—and begin to give the things we want instead of things they 
think we want* 

After-sales surveys also belong to this category. What does the customer think 
about the product! What features give him satisfaction, what aspects is he 
dissatisfied with, and for what reasons? From these surveys one can infer (i) 
about the reception of the product in the market, and (ii) about prospects of 
reselling to old customers. 

Analysis of competition 

Analysis of competition is essentially a study in values and utilities. The 
customer is constantly comparing the price of the product to the utility that he 
expects to get out of it. The word ’“utility 55 is used here in its broadest meaning 
and it should be understood to include the sense of prestige, pride of ownership, 
feeling of achievement, etc., apart from the satisfaction derived from the func¬ 
tional and economical attributes of the product. 

Competition arises when several products or services have a claim to the con¬ 
sumer's limited spending potentialities. As he is unable to purchase everything 
that is offered but is obliged to remain within a certain budget, he proceeds to 
draw up a 1st of preferences. The competing products and services try to get- on 
the customer's preference 1st and, broadly speaking, there are two ways of 
achieving this goal. The first is to lengthen the 1st, so that more items may be 
included in it. This may be done by increasing the available spending budget 
|raising the standard of living, credits, hire purchase) or by reducing prices. 
The second way is simply to push some other products off the list, and this is 
the essence of competition. 

Competing for a share of the market 

It now becomes obvious that competition is of two kinds: direct competition 
with similar products and indirect competition with other products or services. 
While the aim of the organization remains the same in the two cases (namely, 
to get on that preference 1st), the techniques of study and the strategy of sales 
promotion are basically different for the two cases. 

In direct competition the ratio of utilty to price of the competing products is 
submitted to the customer's sense of judgment, and he finally selects the one 
which to him seems to yield the highest ratio. This ratio, naturally, is not abso¬ 
lute. It depends on values attached to the various characteristics of the product 
| whether these values are attributed in a systematic manner or subconsciously), 
and these differ for different people and even for the same customer from time to 
time, depending on his reassessment of facts, situations, or objectives and some¬ 
times even on his emotional reactions. 

Products in direct competition are usually not- identical. They have different 
features to offer, some of which may be more attractive to certain customers and 
unattractive to others. The distribution of demand becomes a function of the 
distribution of preferences and attributes of utilities, and each commodity 
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succeeds in capturing a certain proportion of the whole potential market 
accordingly. 

The share of the market dominated by a product is a very useful index for 
judging the product position, and one of management’s tasks associated with 
sales forecasting is an analysis of the needs, functional characteristics, attributes, 
and prices prevailing in the market , which contribute to this share. Management 
policy with respect to product development and design, appropriations for 
research and for modernization of plant equipment, and production methods 
and pricing policy as well as competitors’ successes or failures are eventually 
reflected in the product share of the market. An efficient market analysis can 
point out to management the causes for fluctuations in the market share and the 
factors that contribute to the competitors becoming more consolidated, so that 
appropriate action can be taken. The facts about the competitors’ position are 
not always easy to gather, as a great deal of information of this kind is guarded 
by companies as top secret. However, from a good market study a few accurate 
inferences can sometimes be made and later correlated with data that are 
eventually released, thus evaluating the methods of deductions and inferences. 
An example of a study in market sharing is given on page 115. 

It was mentioned in the preceding chapter that, because the attribution of 
utilities is not absolute and since each product tends to capture a certain pro¬ 
portion of the market, some firms have been led to the erroneous conclusion that 
an addition of a competing product to the market is bound to reduce the share 
of existing products, and that it would therefore pay a firm to introduce such a 
product and thereby increase its total sales. This artificial increase in the variety 
can be achieved by marketing brands slightly different from the existing ones, 
or even by offering identical products under different names and packagings. 
The share for each product becomes smaller, but the total share of the firm 
(so it is argued) is increased. 

There is no need for lengthy arguments to show how shortsighted such a policy 
is and that it can produce some very undesirable results. First, because the 
device of artificially increasing variety is open to the competitors as well, 
retaliation in this respect may soon restore the firm to its original position, or 
indeed even worsen it. Secondly, as we have seen in the preceding chapter, variety 
is bound to be reflected in increased production costs, and artificial variety may 
also involve increased costs for marketing and sales promotion. Thirdly, 
flooding the market with a multitude of similar brands may seriously injure the 
standing and reputation of the original product. Its personality, so to speak, 
may be lost in the crowd, and time and money invested in promoting its name 
may be irretrievably lost. Fourthly, the fundamental thesis that a new product 
is bound to capture a big enough share of the market to justify artificial increase 
in variety has not been proven. The effect of new product impact on the market 
is difficult to ascertain in advance; furthermore, one should distinguish between 
the short-term effect and the long-term consequences. An organization wishing 
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to increase its share of the market at the expense of its competitors should sti 
the reasons that induce customers to go to the competitors. A careful evalual 
of these data is a saner method on which to base management decisions. 

Indirect competition with all products and services that have a claim to 
customer’s limited purchasing power is a field of study that may throw sc 
light on market fluctuations and trends. This subject, however, contains m? 
intangibles and is far more difficult to evaluate quantitatively. A careful anal] 
of the factors that promote the sales of indirect competitors is certai: 
warranted, as well as a study of the customer’s spending budget, his requi 
ments and tastes, and his environment and his community, as already discusi 
above. 

Saturation 

Demand is known to be affected by the stock that has already been absorb 
by the market in a given period of time. Beyond a certain level of consumpth 
demand tends to decrease as the supply increases. This is sometimes known 
the Law of Diminishing Utility, or simply the effect of a saturation proce 
The Law of Diminishing Utility states that the utility of a certain prodi 
lessens in proportion to the quantity already purchased by the customer ir 
given period. The more he gets of the product, the more his interest wanes 
acquiring some more, until a point is reached when the utility derived frc 
purchasing another unit is so small that the customer begins to prefer a differe 
product altogether. This is the point of saturation, which causes a product to 
relegated to a lower position on the customer’s preference list or to be remov 
from it entirely. This has to be guarded against during two stages in selling: 

Selling to satisfy demand 

The Law of Diminishing Utility would suggest that when the demand for 
product begins to wane, owing to market saturation, changes in the produ 
characteristics are indicated. This may mean either switching over to a ne 
model or adding to the existing variety of products already offered by the cor 
pany. Naturally, the problems of variety versus simplification, the changeov 
to a new model, and the timing of such an action have to be analyzed quanf 
tatively. as shown in the preceding chapter. 

Saturation is caused not only by the product under consideration but also t 
its rivals: hence all products in direct competition have to be taken into accoui 
when analyzing saturation. Here, monopoly and patents may play an importai 
role in delaying or preventing competitors from coming on the scene and thereb 
securing a bigger share of the market before saturation is reached. 

The effect of indirect competition, or the state of saturation of the market as 
whole, is also likely to be felt. The effect may be favorable wffien competin 
goods or services have been consumed to an extent that their demand begins t 
taper off. It may be unfavorable when a large-scale flooding of goods causes 
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general state of saturation and discourages buying as a whole. The problems of 
saturation caused by indirect competitors is a complex one, but a study of its 
causes and effects is often worthwhile. 

Replacement 

As the life of the product is limited, a demand for it will ensue when it fails to 
provide the service expected of it on account of wear. In the case of perishables 
and expendable goods, they may deteriorate and have to be scrapped after a 
period of time, even though they have not been used at all. As this can be 
interpreted to mean that long life restricts consumption, fundamental decisions 
regarding the quality of the product have to be taken. Should the product be 
made of inferior materials and poor workmanship in order to encourage early 
replacement ? The case of nylon stockings is immediately brought to mind when 
one tries to compare the short life of a pair of nylon stockings today with that of 
the early specimens introduced to the market. Should, for example, a manu¬ 
facturer of glassware decline and perhaps try to suppress inventions of unbreak¬ 
able glass, in order to avoid early market saturation? Should decisions about 
inferior quality be deliberately taken, though the good name of the organization 
may be at stake? What effects would competition in the market have on the 
outcome of such a policy ? How would it affect the prestige and status of the 
company’s other products, and is it desirable to have a united policy in this 
respect for all the products? How* would pricing be affected? With adequate data, 
a quantitative analysis, using operations research techniques, can be undertaken 
to determine what economic service life should best be aimed at. This “service 
life” can be translated into functional requirements and specifications of quality 
of material and workmanship and expressed in terms of production costs. 
Considering that this is one of the fundamental issues of the firm’s long-term 
policy, which has far-reaching consequences on product development and design 
and on the firm’s standing in the market, it is evident that replacement analysis 
is an intricate problem worthy of serious study. 

Distribution and promotion methods 

That distribution and promotion methods affect the sales volume is fairly 
obvious, and that is why market research (perhaps a more appropriate term here 
would be “marketing research”) must include a proper evaluation of their 
effectiveness. Such an evaluation should cover an analysis of methods used in 
the past, appraisal of methods used by direct competitors, the possible appli¬ 
cation of new methods adopted from other fields, and the effect on the market 
of any change in the existing methods. This is quite a formidable task and a 
field in which it is difficult to predict with great accuracy. But again, an evalua¬ 
tion of this kind may be indispensable if better w ays are sought under conditions 
of severe competition. Analyses of distribution and promotion methods may fall 
into three categories: advertising, effectiveness of distribution channels, and 
terms of sale. 
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Advertising 

As mentioned in the preceding chapter, advertising policies depend on the 
type of product and its position in the market . The techniques of an advertising 
campaign would naturally be different for launching a new product than for 
maintaining an already well-established name. Different techniques also apply 
for a product with little competition in contrast with those for a market with 
keen competition; for a single product or for a range of products; for a market 
where a demand for this type of product exists; or when the customer must he 
educated to new uses, habits, or requirements. These fundamental considerations 
may also affect the amount of money spent on advertising. The Treasury 
Department estimated that in 1957 more than 7 J billion dollars w r ere spent on 
advertising in the United States. On the average, corporations in the United 
States spend slightly more than 1 per cent of their receipts from sales on adver¬ 
tising, but there are great variations in different industries, as shown in Table 6-1. 

Table 6-1 

Expenditure for Advertising. 1957 


(Some selected data) 

No. of 

Indusirp Group Corpora - 

tions 

Advertising Expenditures 

Amounts Percentage of 

Millions Sales and 

$ Gross Receipts 

Total 

940,147 

7,666 

1.1 

Agriculture, forestry and fishery 

11,833 

14 

0.6 

Construction 

53.576 

56 

0.2 

Manufacturing 

13S,566 

4,447 

1.4 

Beverages 

2,948 

345 

4.9 

Food and kindred products 

11,761 

808 

2.0 

Tobacco manufactures 

173 

218 

5.2 

Textile mill products 

5,293 

97 

0.7 

Apparel and products made from fabrics 

13,114 

93 

1.0 

Furniture and fixtures 

5,671 

61 

1.4 

Paper and allied products 

3,353 

89 

0.8 

Printing, publishing and allied industries 

16,368 

69 

0.6 

Chemical and allied products 

8,023 

858 

3.6 

Petroleum and coal products 

776 

177 

0.5 

Rubber products 

859 

94 

1.7 

Primary metal industries 

3,581 

105 

0.4 

Fabricated metal products* 

14,097 

173 

1.0 

Maehineryt 

14,586 

296 

1.1 

Electrical machinery and equipment 

5,032 

331 

1.8 

Wholesale 

103,474 

625 

0.5 

Retail 

178,493 

1,516 

1.4 

Finance 

65,033 

251 

1.4 

Services 

90,597 

303 

1.7 


* Except ordnance, machinery, and transportation equipment. 

4 Except transportation and electrical equipment. 

Source: I .S. Treasury Department, Internal Revenue Service; Statistics of Income. 
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Effectiveness of distribution channels 

There are four principal .channels of distribution (Fig. 6-1). Nystrom and 
Frey 2 list these as: 

1. Manufacturer direct to consumer. 

a. Manufacturer to household consumer by mail. 

b. Manufacturer to household consumer by door-to-door salesmen. 

c. Manufacturer to consumer by manufacturer’s own retail store. 

2. Manufacturer to retailer to consumer. 

a. Manufacturer to independent retailer, chain store, department store, or 
mail-order house to household consumer. 

3. Manufacturer to wholesaler to retailer to consumer. 

a. Manufacturer to either full-service wholesaler or limited-function whole¬ 
saler to retailer to consumer. 

4. Manufacturer to functional middleman to wholesaler to retailer (or, direct to 

retailer) to consumer. 

Most industrial goods other than raw materials from the farm or mine are sold 
either direct to the industrial consumer or to one or two middlemen existing between 
the producer and the consumer. These two middlemen are the counterparts of the 
functional middleman and wholesaler in the marketing of consumer goods. Retailers 
as a rule do not sell in significant quantities to industrial consumers. 

In connection with each of these channels, the manufacturer may use his own 
branches, either with or without stocks. Branch activities are at the wholesale level. 



Figure 6-1. Basic channels of distri¬ 
bution for consumer goods. 


The manufacturer can either use one of these channels or a combination of 
them, and the question that has to be settled by marketing research is which 
method to adopt and how to measure its effectiveness. It may turn out that 
certain channels are better in some regions and worse in others. Or it may be that 

2 P. H. -STystrom and A. W. Frey (eds.): Marketing Handbook (The Ronald Press Co., 
1948), p. 220. 
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election of channels should mainly be governed by the type of product offered, 
i which case the question of unified distribution policy versus multidistribu- 
ion policy should be carefully studied. 

Another problem relating to distribution channels is that of allocation. How 
inch should be allocated to each warehouse to minimize handling? How much 
f each brand should be channeled to each market, if a certain amount of 
iterchangeability of models is possible? Problems in evaluation of channels and 
i allocation have been successfully tackled by operations research techniques, 
nd for further study of these the reader should consult treatises on marketing. 

p erms of sale 

At what terms is it advisable to conclude a sale ? This is obviously a funda- 
lental question in planning distribution methods. It includes such issues as 
ricing policy and how it is affected by distribution channels and by market 
ompetition, hire-purchase policy and extent of credits, terms of discounts, 
roblems of installation and servicing, training customers’ operators, terms of 
uarantee, terms of supplying spare parts. All these may have a marked effect 
n sales efficiency on the one hand and on the firm’s financial position on the 
ther. 

In evaluating sales promotion methods, the firm is anxious to know whether 
he best possible use is made of advertising appropriations and what effects 
light be expected if these appropriations were to be changed. This is an impor- 
ant issue on which management has to make a decision, and the question of 
valuation is particularly acute when suitable advertising media have to be 
elected. The methods mostly used are mentioned in Table 6-2, which gives the 
stimated expenditure breakdown in the United States by advertising media for 
958. The important role played by newspapers in advertising is quite apparent 
i third of the total). The direct approach by mail is also greatly favored 
15.4 per cent), and advertising by television is becoming more and more popular 
13.2 per cent in 1958 as compared with 3.0 per cent in 1950). A great deal of 
^search that evaluates advertising effectiveness has been carried out in recent 
ears, and the published results are invaluable when special cases are analyzed, 
oth for the general background that is thereby readily obtainable and for 
orrelation purposes. 

tate of business 

Business as a whole is subject to fluctuations, usually referred to as “business 
vcles.” There are periods of boom when sales are increasing and business is 
spanding rapidly. There are periods of recession, periods of shrinking markets, 
nd contraction of business. These business fluctuations may account for more 
nstableness in the firm’s position and for more deviations of actual sales from 
le forecast than those that can be attributed to factors within the firm’s own 
3here of influence. 
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Table 6-2 

Estimated Expenditure in the United States by 
Advertising Media, 1958* 

Medium 

Total—National 
Total—Local 

Newspapers 
National 
Local 

Radio 
Network 
Spot 
Local 

Television 
Network 
Spot 
Local 

Magazines 
Weeklies 
Women’s 
General 
Farm 

Farm papers 

Direct mail 15 4 

Business papers 5 1 

Outdoor 
National 
Local 

Miscellaneous 
National 
Local 

Total 

* Taken from the Statistical Abstract of the United States, 1960. 

Source/Compiled by McCann-Erickson, Inc., for Printers’ Ink Publications, New York 
i.Y., published in Printers’ Ink. 

'ricing policies 

The question of pricing policy, for instance, has been mentioned as one of the 
asic factors affecting sales activities. But prices as a whole, it appears, are 
ssociated with business cycles, as can be seen from Fig. 6-2, which shows the 
lange in consumer price index over a ten-year period. Apart from general trends 


1.3 

0.6 

- 1.9 

11.6 

8.1 

- 19.7 

- 100.0 
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i prices, fluctuations of short-term duration are also clearly discernible, particu- 
Lrly in Fig. 6-3. which shows wholesale price indexes since 1926. Another 
iteresting factor apparent from these curves is that different commodities are 
ffected in different ways: Some are more sensitive and their prices fluctuate 
lore violently than others: also, the times of peaks and troughs are not identical 
>r all. In the absence of any available laws that describe business cycles and 



Figure 6-2. Consumer price index: 
1947-1949= 100. 

(Courtesy U.S. Department of Commerce. 
Bureau of the Census. 

Source: Department of Labor, Bureau of 
Labor Statistics) 



Figure 6-3. Wholesale price indexes: 1947-1949 = 100. 

(Courtesy U.S. Department of Commerce. Bureau of the Census) 


issess their consequences quantitatively, the sales forecaster can only extra- 
>olate from his estimates on the basis of general trends alone. The magnitude of 
he small fluctuations and their randomness would therefore indicate what 
iccuraey is a reasonable objective in sales forecasting. An example of sales 
variations is given in Fig. 6-4. where indexes of department store sales in the 
United States are shown. It is interesting to note the effect of these variations on 
he level of stocks held by the department stores. 

business cycles 

Extensive research has been carried out to establish the causes of business 
ycles, but a treatment of the subject is beyond the scope of this book. Suffice it 
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to say that the prevailing view among some economists is that business cycles are 
associated with inventories, or rather with the ratio of inventories to sales. 
Fig. 6-5 shows the variations of sales, inventories, and the inventorv-sales ratio 
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Figure 6-5. Inventories and sales and their relation to 
business cycles. (From A. Abramowitz. Inventories and Business 
Cycles, Chart 12. National Bureau of Economic Research Inc., 
Gallery Press, New York, 1960) 
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(19-1941. The shaded areas correspond to contraction periods in business 
re characterized by the fact that the curve of inventory-to-sales ratio has 
ward trend, while in periods of expansion this ratio tends to decrease. 

Making the Forecast 

have listed above the various factors that the forecaster has to bear in 
when attempting to make a sales forecast. Naturally, some of these factors 
>e more predominant than others, depending on the product, the industry, 
lie circumstances. Experience tells which factors have to be meticulously 
zed and which need only a superficial study. The first question that has to 
tied, therefore, is: What data should be used for the sales forecast? Such 
jan be obtained in two ways: published sources and research activities of 
•m's sales department or outside agencies engaged for the purpose. 

Statistics from available publications of public institutions, professional 
5 , and others. Valuable statistics are gathered by various reliable sources, 
inumerable facts, usually of a general nature, are then readily available 
> firm with little expenditure of time or money. Data of national character 
sually published by several government departments (e.g., Census of 
factores (U.S. Bureau of the Census); Survey of Current Business (U.S. 
rtment of Commerce); publications of the Central Statistical Office of the 
etc.). Data about general trends and the state of business are also found 
nomic and financial papers and journals, while specific information about 
dustrv and the fluctuations in its sales are sometimes provided by trade or 
facturers' associations. A useful booklet entitled “Market Research Sources,” 
a list of current publications in which abundant statistical information for 
?t research in the United States is available. 

Facts collected by the firm's own resources, mainly from the firm’s past 
and other records, collected by those in direct contact with customers 
nen, retailers, agents, etc.), by sampling polls (questionnaires by mail or 
lew, telephone, etc.), and by experts who specialize in assessing new 
its. techniques, or products. This research can be carried out by the firm’s 
eople or by agencies, or both, depending on the scope, scale, and degree of 
lization required for tackling the job. 

er the facts have been assembled, the task of evaluating the data com- 
js, and this is carried out by using statistical methods and inference. Indeed, 
lowiedge of statistical methods is required right at the start, especially 
sampling techniques are employed for the purpose of gathering data, in 
to ensure the validity and relevance of the information obtained and a 
table degree of accuracy within the limitations of time and money that are 
ble. Thus the essence of this analysis is a critical evaluation of the methods 
liering the facts, and of attempts at predicting trends and future behavior, 
current methods of prediction are listed below. 
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xe market share 

It has already been mentioned that market share may sometimes serve as a 
tide to sales forecasting. An example of a study in the market share is given 
Table 6-3, where the percentage share of a company is quoted for ten years. 

. spite of the fluctuations in this share, no trend is apparent, and on the 
erage the company manages to secure 12.5 per cent of the market. Suppose 
at in the tenth year the total volume of sales of this industry was $40 million 
.d that from general economic trends and the position of the industry as a whole, 
l expansion of sales of 20 per cent was expected for the eleventh year. In view 
this projected expansion, it was decided to launch an entirely new model, 
iich had been developed by the “Ron Company’ 5 for a number of years. The 
mpany’s sales soared to $6.4 million in the eleventh year. Is it reasonable to 
nclude that this increase in business was due to the new model? 


Table 6-3 

The Market Share of “ Ron Company 99 

Share in % of Total Sales 
Year of the Industry 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


12.6 

13.0 

11.9 

12.4 
13.0 
13.2 
12.1 
11.6 
12.7 

12.5 


Average in past 10 years 12.5 


Slow, if the sales volume of the industry came to $48 million (20 per cent 
xre $40 million), it means that the company secured (6.4/48) 100 = 13.3 
* cent of the market. The percentage figures cited in Table 6-3 and ±2cr 
itrol limits are shown in Fig. 6-6. These control limits mean that for 95 per 
it of the cases in a stable and normal situation, the share percentage would be 
ween 11.5 and 13.5. It appears that the figure for the eleventh year would be 
1 within the control limits and could easily be attributed to chance alone, 
at does not mean to say that the new model did not contribute to the com- 
iy’s welfare by its position in the market, perhaps in the face of competitors’ 
r models and latest innovations. Had it not been launched, perhaps the 
npany’s share would have receded, but to talk in the present circumstances 
>ut the company gaining position in the market is being unduly optimistic, 
spite of the fact that sales went up from $5 million to an all-time high figure 
$6.4 million. 
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It is clear that even when the percentage share remains fairly constant and 
when the sales volume of the industry can be accurately determined, it is too 
much to expect a forecast within close limits on this score alone. In the example 
cited above we know that the company secures one-eighth of the total market, 
but this figure of the share must be accompanied by the tolerance of ±1.0 per 
cent of the total market, and in 95 per cent of the cases we may expect the figure 
to fluctuate within these limits. In our case, 1.0 per cent of the total market 



Year 

Figure 6-6. Market share analysis of "Ron Company 99 . 


corresponds to S.O per cent of the sales volume, and coarse as this figure may 
seem, it is unreasonable to expect a higher degree of accuracy from this method 
under the described circumstances. When the picture of market share is more 
erratic and subject to wide variations, the use of this method becomes rather 
limited, as in the case of some consumer nondurable goods (such as certain foods, 
chemicals, and cosmetics). 


, 80 - 



Year Number 


Figure 6-7. Sales record of A & X 
Corporation (See Table 6-4) 
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Sales trend analysis 

Within the framework of general economic trends a study of the company’s 
sales records is indispensable for forecasting. 

What are the main principles by which prediction should be guided ? Perhaps 
the safest thing to say is that prediction primarily depends on the appraisal of 
the future situation in relation to the past. If it is established that a pattern of 
sales repeats itself fairly accurately in a given period of time, then the study of 
past behavior is the answer to the future. Not only can the forecast be made 
fairly accurately in that case, but it can be made a long time in advance, which 
is a great advantage to management planning. A somewhat similar situation 
occurs when the trend of events is quite obvious, though the pattern does not 
repeat itself. Suppose we had sales records of a company as given in Table 6-4 
and Fig. 6-7. In spite of the fluctuations it appears that sales are increasing as a 
linear function, which may serve as a basis for forecasting. The first problem, 
therefore, is to describe this trend quantitatively. 


Table 6—4 


Annual Sales of A & Z Corporation 


Year 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 


Sales in Millions of $ 

45.0 

42.5 

50.1 

50.6 
62.0 
52.0 

53.5 
64.3 

60.1 

73.6 
71.0 


Many methods can be used to fit a straight line to a given scatter, which 
suggests a linear trend, but the most widely acceptable method is that of the 
least squares. By this method a straight line is defined in such a way that the 
sum of the squares of the differences between the ordinates of the suggested line 
and those of the given points is at a minimum. The data in Table 6-4 may be 
represented by coordinates, so that the first year is denoted by x 1 = 0, the 
second by x 2 = 1, etc., and the appropriate sales figures by y 2 — 42.5, y 2 = 50.1, 
etc. The straight line that we want to fit in (called the regression line) is expressed 
by the equation 

Y = a -f bx (6-1) 

where a is the intercept on the Y axis (at x — 0) and b the slope of the line 
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(see Fig. 6-8). If F 1? F 2; etc., are the ordinates of this line at x l3 x 2 , etc., th 
condition of the least squares demands that 

(Fi - Vi)- + (?t - y»)- -j-+ (I'm - Vio? = min 

or E( Y — y)~ — min (6-2 

and with this condition the position of the regression line (i.e., the values o: 
a and b) can be determined. 


First substitute the value of Y from Eqs. 6-1; thus the condition is 
l(a -f bx — y) 2 = min 

or E(a 2 -f b 2 x 2 f 2 / 2 t 2abx — 2ay — 2bxy) = min 

The variables are the two unknowns a and b. Of the family of lines having a 
given slope 6, one satisfies this condition when 


— E(a 2 —■ b 2 i? -4- y 2 + 2abx — 2 ay — 2bxy) — 0 
hence E (a + bx — y) = 0 

or 2(Y-y) = 0 (6-3) 

which merely means that the sum of the differences in ordinates is zero. If there 
are n points, the last condition can be expressed as 

na + bEx = 'Ey (6-4) 

Similarly, of the family of curves that have a known intercept a , the one that 
satisfies the condition of least squares has a slope b, so that 

~ E(a 2 — b-x 2 -f y 2 -f 2abx — 2ay — 2bxy) = 0 
hence E(ax -j- bx 2 — xy) = 0 


or aEx + bEx 2 = Exy 

a and b can now be determined from the Eqs. (6-4) and (6-5), yielding 


„ __ (^y ^r 2 ) —■ (Ex Exy) 

(wSx 2 ) - (2*)* 

(6-6) 

a _ nlxy — (2x2y) 

- (St) 2 

(6-7) 


The computation of a and b for the above example is illustrated in Table 6-5. 
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1 

2 

3 

4 

5 

6 

7 

8 
9 
0 
1 

als 


Table 6-5 

Computations for the Determination of a Regression Line 
A & Z Corporation (See Table 6-4) 

y 


X 

Sales ($ in millions ) 

x 2 


xy 

0 

45.0 

0 


0 

1 

42.5 

1 


42.5 

2 

50.1 

4 


100.2 

3 

50.6 

9 


151.8 

4 

62.0 

16 


248.0 

5 

52.0 

25 


260.0 

6 

53.5 

36 


321.0 

7 

64.3 

49 


450.1 

8 

60.1 

64 


480.8 

9 

73.6 

81 


662.4 

10 

71.0 

100 


710.0 

ILx = 55 

S,y — 624.7 

2a: a = 385 

Xxy = 

3,426.8 


Results from this table can be substituted into Eqs. 6-6 and 6—7: 

_ (624.7 x 385) - (55 x 3,426.8) _ 
a (11 X 385) — (55) 2 

, _ (11 X 3,426.8) - (55 X 624.7) _ 0 
(11 X 385) — (55) 2 


is, the equation of the line is 

Y == 43.0 + 2.8.r 


(6-8) 


it is plotted in Fig. 6-8. 



-5 -4 -3 -2 -1 0 1 2 3 4 5 x(Table 6-6,- Eq. 6-11) 


Figure 6-8. Sales regression line for A & Z Corporation 
(See Tables 6-5 and 6-6) 
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The computation may be somewhat simplified when x is selected in such a 
manner that 2x = 0, so that the formulae 6-6 and 6-7 are reduced to 

a , = JL (6-9) 

n 

6 =^ ( 6 - 10 ) 

zx- 

It is still necessary to find Tar, 2y, Try, and this is shown in Table 6—6. The 
location z = 0 is simply taken at the middle point of the given range for the 
rs, when these are known at uniform intervals. In our case x = 0 is therefore 
taken at the sixth year. 

Table 6—6 


Modified Computation for a Regression Line 
A & Z Corporation (See Table 6-4) 


Tear 

X 

y 

X 2 

xy 

1 

— 0 

45.0 

25 

-225.0 

2 

— 4 

42.5 

16 

-170.0 

3 

— 3 

50.1 

9 

-150.3 

4 

_ 2 

50.6 

4 

-101.2 

5 

-1 

62.0 

1 

- 62.0 

6 

0 

52.0 

0 

0 

7 

-1 

53.5 

1 

+ 53.5 

S 

—2 

64.3 

4 

-128.6 

9 

—3 

60.1 

9 

+180.3 

10 

-4 

73.6 

16 

+294.4 

11 

—5 

71.0 

25 

+ 355.0 

Totals 

Tr= 0 

1y = 624.7 

S* 2 = no 

Ixy = 303.3 


It is apparent from Table 6-6 that now 2r = 0, so that Eqs. 6-9 and 6-10 

can be used: 


624.7 

a =- 

ii 

= 56.8 

b _ 303.3 

— 9 £ 

° ~ 110 

— —,o 


and the equation of the line is 

T = 56.8 - 2.8r (6-11) 

Comparison of the two results, Eqs. 6-8 and 6-11 reveals that the slope is the 
same and only the intercepts are different. This is only to be expected, as the 
origin is placed differently in the two cases. These intercepts (43.0 and 56.8, 
respectively) are signified by the ordinates at x — 0, but in the first case the 
ordinate is related to year 1; in the second, to year 6 (see Fig. 6-8). To see 
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whether condition 6-3 (regarding the sum of the differences in coordinates of 
the line and the given data) is satisfied, examine the calculations carried out 
in Table 6-7. 

Table 6-7 


Examination of the Regression Line 


Year 

Y 

(calculated by Eq. 6—8) 

Y - y 

(Y — y)‘ 

1 

43.0 

-2.0 

4.0 

2 

45.8 

3.3 

10.9 

3 

48.6 

—1.5 

2.3 

4 

51.4 

0.8 

0.6 

5 

54.2 

-7.8 

60.8 

6 

57.0 

5.0 

25.0 

7 

59.8 

6.3 

39.7 

8 

62.6 

-1.7 

2.9 

9 

65.4 

5.3 

28.1 

10 

68.2 

-5.4 

29.2 

11 

71.0 

0 

0 


2(1’- 

CO 

ci 

II 

5*5 

F( Y — y) 2 = 203.5 


The fact that T( Y — y) is not exactly zero is due to the inaccuracies in calcula¬ 
tions, since arithmetically b = 2.76 and not 2.8, and this slight discrepancy 
accumulates as we proceed along the regression line. This also accounts for 
Fg = 57.0, whereas through the calculations of Table 6-6, the intercept 
a = F 6 = 56.8. The inaccuracy, however, is very small and it can be justifiably 
ignored. The reader can try to repeat the above calculation for X{ Y — y) by 
using Eq. 6-11 instead of Eq. 6-8 and show that the discrepancy is thereby 
greatly diminished. This is because the accumulated error due to the computa¬ 
tional inaccuracy in determining b is smaller when an ordinate of a point on the 
regression line is calculated at the middle of the range rather than at one end of it. 

The standard error of estimate can now’ be found by the formula 

5 = J - 1 ~ y? ( 6 - 12 ) 

71 


This standard error of estimate simply implies that 95 per cent of the data are 
expected to fall within limits of 4:2s of the regression line. In our case 




Here, again, it should be noted that the computational inaccuracy of b causes a 
slight error in s, but within the limits of accuracy of our data, this result is 
adequate. Control lines of 4:2s are shown in Fig. 6-9. Now, if the sales forecast 
for the twelfth year is $74 million, being the ordinate of the regression line for 
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year 12, and the actual sales turn out to bo $80 million, (.he error in forecasting 
can bo attributed to chance fluctuations mid not to the inadoipiaey of the foro 
canting method, What in fact in predicted in thin cane in the trend of events not 
every individual event by itHelf. When the actual sales figures are ascertained, 
their deviations from the mean trend can bo checked by the control chart. If 
the points arc in control, the IhictimtionH can l>o attributed to chance variatioiiH 
and the method for forecasting may remain unaltered. If a point falls outside 
the control linen, the reason for thin departure from the general trend must bo 
nought, and the situation can then bo re-evaluated (Hindi uh in the cane of the 
thirteenth year in Fig. 0 9). 



Year Number 


Figure 0 9. A control huIch churl with a rcf/rcHHlon line • 


The cane in more complicated when trondn are not linear but are related to 
function** of a higher decree or are periodic in nature, Basically, however, the 
approach in the Harne: The pant trend in expressed in a mathematical form, which 
provides a tool for predicting the future trend. Fluctuations are watched with 
the aid of control limits, deviations are studied for possible causes, and the 
mathematical formulation of the general trend is critically evaluated and modi¬ 
fied as more actual sales figures become known. 

Forecasting in seasonal demand 

The study of seasonal demand is very important for* production and inventory 
control. The nature of sales fluctuationsTrom one season to the other in terms of 
amplitude and regularity and the general trend (if any) on which these fluctua¬ 
tions are superimposed present an intriguing problem to forecasters. Here, 
again, the past is analyzed with the view to finding some pattern that may give 
a clue to the future behavior of the system. 

First, to illustrate a seasonal demand without the effect of general trends, a 
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three-year sales record of a company is given in Table 6-8 and Fig. 6-10. A 
preliminary examination of this record shows that the three years do not sub¬ 
stantially differ from each other. Sales soar in December and dip in July, the 



Figure 6-10. .4 three-year sales record of B & Y Incor¬ 

porated (See Table 6-8) 


ratio between the two months sometimes exceeding 2:1. The annual sales do not 
seem to fluctuate much, the difference between the first and second year being 
about 21 per cent. 


Table 6-8 

Three Years’ Sales Record icith a Seasonal Demand; 
B & Y Incorporated 


Jan. 

Year 1 
24 2 

Feb. 

232 

Mar. 

215 

Apr. 

196 

May 

176 

June 

165 

July 

135 

Aug. 

181 

Sept. 

214 

Oct. 

261 

Nov. 

278 

Dec. 

328 


Year 2 

Year 3 

238 

250 

235 

215 

226 

210 

210 

200 

180 

182 

156 

172 

148 

150 

158 

175 

231 

225 

250 

240 

250 

260 

280 

300 


Total 2,623 2,562 2,579 
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The seasonal cycle becomes more evident when a 3-month moving total is 
plotted (Table 6-9, Fig. 6-11). A 3-month total for any month is defined here as 
the sum total of sales in that particular month and in the two preceding it. Thus 
the 3-month total for March of year 1 is the sum of the sales during January, 
February, and March of year 1 (i.e., 242 + 232 + 215 = 689). The 3-month 
total for April is obtained by taking the total for March, subtracting from it the 
sales of January, and adding the sales of April (689 — 242 -j- 196 = 643), etc. 



Figure 6-11. .4 three-month moving total (See Table 6-9) 


In this way the 3-month totals are established for each month (Table 6-9) and 
the moving total can be plotted (Fig. 6-11). Similarly, a 12-month total is 
defined as the sum total of sales in the last 12 months. The 12-month total of 
December is thus equal to the annual sales. The 12-month total for January is 
obtained when sales for the current January are added and the sales of the 
preceding January are subtracted from the 12-month total for December, etc. 
The 12-month totals for B & Y Inc. are indicated in Table 6-9, and the moving 
total is shown in Fig. 6-12. 
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Figure 6-12. .4 twelve-month moving total . B & Y Incor¬ 
porated (See Table 6-9) 
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Table 6-9 

Averages and Moving Totals; B & Y Incorporated 

(See Table 6-8) 


3-Month Moving Total 12-Month Moving Total 



Year 1 

Year 2 

Year 3 

Average 

Year 2 

Year 3 

Jan. 


844 

780 

812 

2,619 

2,574 

Feb. 


801 

745 

773 

2,622 

2,554 

Mar. 

689 

699 

675 

68 8 

2,633 

2,538 

Apr. 

643 

671 

625 

646 

2,647 

2,528 

May 

587 

616 

592 

598 

2,651 

2,530 

June 

537 

546 

554 

546 

2,642 

2,546 

July 

476 

484 

504 

488 

2,655 

2,548 

Aug. 

481 

462 

497 

480 

2,632 

2,565 

Sept. 

530 

537 

550 

539 

2,649 

2,559 

Get. 

656 

639 

640 

645 

2,638 

2,549 

Xov. 

753 

731 

725 

736 

2,610 

2,559 

Dec. 

867 

780 

800 

816 

2,562 

2,579 


The curve of the moving total has the advantage that it removes the crests 
md valleys of the monthly fluctuations and shows the seasonal regularity that 
epeats itself in the three years. The number of months that should be taken for 
: moving total depends on the length of the cycle. As a rule, the more months 
or other time units) are included in the moving total, the smoother the final 
urve, the more it damps crests and valleys, and the less details it can offer 
bout the cycle characteristics. It is like studying geographical topography: 
fhen the observer stands on the surface of the earth, he can see all the undula- 
ions. but his vision is limited. As he rises above the surface, his vision has a 
rider scope, the details that obstructed his sense of judgment become slightly 
blit era ted and can be more objectively placed and related to the general topo- 
raphy of the area. But when the observer rises too high, details become too 
lurred, until it becomes impossible to compare heights of areas. In order not to 
>se sight of too many details of the demand cycle, a 3-month moving total is 
enerally adopted when the seasonal cycle is of 12-month duration. It is readily 
^en from Table 6-9 and Fig. 6-12 that when a moving total covering the whole 
rele is taken (in this case 12 months), the seasonal fluctuations disappear 
unpletely. This moving total, however, can be used to bring out long-term 
rcles and general annual trends in the sales volume. 

The 12-month moving total in Fig. 6-12 appears to be fairly steady. The 
rerage of this total in the third year is lower by 3.0 per cent than that of the 
eond year, and the maximum discrepancy between the two years (in April) is 
5 per cent. As no apparent trend of this curve can be ascertained (the yearly 
rerage of the totals seems to be greatly affected by December sales), the fourth 
?ar may be assumed to resemble the past, provided there is no reason to expect 
Langes in the state of business in general or in the type of commodities this 
'm is marketing. 
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The fbroeaHt in thin eawe nan ho haned either on the average for eanli month 
of the pant three yearn (Method A) or on tins average 3 month moving total 
(1% 6 13) (Method B), depending on what- we believe in the Banin behavior of 



figure 0 1.1. A three-month mor Inf/ foreran/ for II A* V 
Ineorporated (Hoe Tahiti 0 10) 



Figure 0-14. Sales forecasts for It V Ineorporated 
(Hoc Table 6-10) 
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the system. If we have reason to believe that monthly sales are independent of 
previous months, the first method should be adopted, while preferring the second 
method implies that we perceive a compensating mechanism in the system, 
whereby undersales last month will tend to increase sales this month, etc. The 
two methods are showm in Table 6-10, where the forecasts are compared with 
actual sales figures. The absolute error (arithmetic addition of errors, irrespective 



Figure 6-15. Twelve-month moving total fourth year, 
B & Y Incorporated (See Table 6-10) 



Figure 6-16. Accumulative sales (four-year), B <£» Y Incor¬ 
porated 


of their sign) is about 10 per cent for both forecasts, but it appears that Method 
A is preferable here because the total error is smaller than that obtained by 
Method B. The comparison of forecasts with actual sales figures is given in 
Figs. 6-14 and 6-15, and the accumulative sales curve is shown in Fig. 6-16. 
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Table 6-10 

Sales Forecast for B & Y Incorporated 

(See also Table 6-9) 


Method A 


Method B 


MoniMy Monthly 

Average of Forecast 
Last Three 
Tears 


3-month Previous Forecast Actual Error 

Moving 2-month = difference Sales (see - 

Forecast Sales between last two Fig. 6-14) Forecast Forecast 
columns (A) (B) 


Jan. 

243 

240 

S1Q 

560 

250 

260 

- 20 

- 10 

Feb. 

227 

230 

760 

560 

200 

250 

- 20 

- 50 

Mar. 

217 

220 

700 

510 

190 

242 

— 22 

- 52 

ApL 

202 

200 

650 

492 

160 

193 

+ 

7 

- 33 

May 

179 

ISO 

600 

435 

170 

171 

+ 

9 

- 1 

June 

164 

160 

540 

364 

180 

175 

- 15 

+ 5 

July 

144 

140 

490 

346 

140 

138 

+ 2 

+ 2 

Aug. 

171 

170 

4S0 

SIS 

170 

200 

- 30 

- 30 

Sept. 

223 

220 

540 

338 

200 

200 

4* 20 

0 

Oct. 

250 

250 

640 

400 

240 

220 

+ 30 

+ 20 

VOY. 

263 

260 

740 

420 

320 

300 

- 40 

+ 20 

Dee. 

303 

306 

S20 

520 

300 

350 

- 50 

- 50 


Total 

2,699 

-129 

-179 

Absolute error 


265 

273 

Total error, % 


- 4.8 

- 6.1 

Absolute error, % 


9.8 

io.: 


A trend analysis in seasonal demand 

The ease of a seasonal demand with an upward trend can be tackled in a similar 
manner. The 12-month moving total in Fig. 6-17 evidently shows an upward 
trend in sate and this trend is linear, as far as one can judge, the yearly incre¬ 
ment being A units. This means that, on the average, the sales volume of each 



Figure 6-17. .4 twelve-month moving total with 

upwards sales trend 


an 
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lonth will exceed the corresponding month in the preceding year by A. The 
lies record for the past three years are given by the matrix: 


Month 

Year 1 

Yea r 2 

Year 3 

Jan. 

v l,l 

V 2,l 

V 3,l 

Feb. 

V l,2 


^3,2 

Mar. 

V l,3 

V 2,3 

t? 3,3 


V 1 ,/ 

V 2,i 

*>3 ,i 

Dec. 

^1,12 

^2,12 

V 3,12 


here is the sales volume in the yth month of the ith year, etc. Had the 
meral trend remained stationar 3 T , this record would read in terms of the next 
?ar’s sales as follows: 


Month 

Year 1 

Year 2 

Year 3 

Average 

Jan. 

d,i -f- 3A 

v 2jl -f 2A 

v 3,i ~r A 

l 7 ! = + V 2,l U" V 3,l) + ^A 

Dec. 

r ljl8 -f 3A 

r 2? i 2 4- 2A 

r 3,12 T A 

fjs — "V ~r ^" 3 , 12 ) ~r • 


t other words, all the figures have been 'Translated” to next year’s level; hence 
Le forecast based on the monthly average of previous years is simply jF 1 
Drecast for January next year) = F x ; F 2 — V 2 ; etc. Similarh r , when the exist- 
g record consists of n previous \-ears, the forecast becomes 

^• = -2^ + (6-13) 

71 i— i 

Ld other types of trends (nonlinear, cyclic, or combination of both) can be dealt 
ith in very much the same way. 

An interesting example of seasonal demand with an upward trend is illustrated 
Fig. 6-18, where monthly figures for domestic electricity consumption for 



- 12 -month moving average 


Figure 6-1S. Domestic electricity 
consumption , 1948-1955 . 
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H8-1955 are plotted. Peak consumption is .registered in the winter months, 
ia,inly in January, and a trough is recorded in the summer season. In the 12- 
Lonth moving average curve the seasonal fluctuations disappear and the trend 
>ems to be so clear that a graphical extrapolation is fairly easy, although 
Lathematically its function may be more difficult to express because the average 
arve is not linear. 


he use of indicators and correlation analysis 

Analysis of trends as a function of time is a fascinating problem, and the 
iterested reader will find a lot of literature published on the subject in recent 
ears. This analysis may be simple enough when definite trends as a function of 
me can be ascertained. However, in most cases the system is sensitive to other 
ictors, and the purpose of a correlation analysis to show the relation between 
mse and effect. Suppose we had product sales that follow the Federal Reserve 
►card Index after a time lag of three months, and that the relation between 
des and the FRB Index is suggested by Fig. 6-19. This correlation implies that 
nee the FRB Index is published, the sales volume can be predicted well in 
dvanee. Naturally, the correlation has to be constantly checked, and the curve 
mst be modified as more data become available, but as long as the correlation 
: valid and suggests a cause-and-effect pattern of events, the FRB Index in this 
ise may be considered what is termed the predictor or indicator. 



Figure 6-19. A simple correlation 
analysis . 


In the absence of clear-cut cause-and-effect systems, forecasters often resort 
) the use of any predictor that appears to indicate in advance trends in the 
ehavior of the system. For instance, when a correlation analysis reveals that the 
des of a commodity x moves synchronously with those of a given company’s 
roduct, the curve for x leading by a known time interval, then x may be a very 
seful predictor. Sometimes one commodity has to be chosen to predict an 
psurge in sales and another to indicate an impending decline. The selected 
redictors, however, are sometimes so remotely related to the system under 
)nsideration that one can only shake one’s head with skepticism at the loudly 
reclaimed reliability and accuracy that are attributed to any forecasting 
Lechanism in which these predictors play a predominant role. 
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When the expression of sales in terms of one variable is inadequate—and this 
is usually the case—a number of factors have to be taken into account in what is 
called a multiple correlation analysis. An example of a graphical presentation of 
such a relationship in terms of two variables is shown in Fig. 6-20. The sales 
function V = f(x,y) is determined after a correlation with factors x,y is carried 
out. Thus, for a situation where x = 160 , y = 14, we may expect a forecast as 
shown by the arrow in Fig. 6-20. The mapping of such curves can often be made 
possible only when a considerable amount of reliable data have been accumu¬ 
lated. 



forecast is normally expressed as a formula in terms of several variables. Often 
this is a linear expression, such as 

F = a 0 + a 1 x 1 + a& 2 + • * * + a n x n (6-14) 

where the a’s are coefficients and the x’s are the predictors. This is an attractive 
method, but its main difficulty lies in the selection of the relevant variables. 
Mathematicians have shown time and again that they are capable of producing 
excellent expressions that accurately fit past events. To conclude that these 
will also fit the future, or rather that the future will fit into their framework, is 
often too presumptuous. Apart from the fact that different expressions can be 
devised to represent the same past, it has been stressed by many authors that 
the crucial step in multiple correlation analysis is the choice of variables. This 
preappraisal—with its assumed objectivity, natural prejudices, or mere ignor¬ 
ance of the facts—determines the success or failure of the analysis far more than 
the accuracy of the mathematical methods used to arrive at the final expressions. 

Combination of methods 

When great benefits are to be derived from accurate forecasts (as, for instance, 
in consumer goods), companies very often prefer to rely on more than one method. 
Results obtained from different sources and by different techniques can thus be 
compared, and from its past experience the company can judge the relative 
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values and reliability of the methods used. A company may, for instance, have 
the following methods: 

1. A forecast extrapolated graphically from trend of sales 

2. A simple or multiple correlation analysis 

3. Total of sales managers' (or agents' or retailers 1 ) estimates 

4. Total of product by product (and/or model by model) forecasts 

Results from the four methods may then be compared and analyzed by an 
authoritative body wit hin the company and a procedure set up to finalize the 
forecast figures. 

Effects of Forecast on the Production Order 

It would be erroneous to assume that the monthly forecasts can be issued to 
the production department in the form of a production order. The discrepancies 
between the forecasts and reality are reflected in the stock level, and it is often 
desirable to take this fact into account when the production orders are worked 

out. 

A case of such an effect of the forecast on the production order is shown in 
Table 6-1L which is related to the example of seasonal demand discussed above. 
Suppose it is decided to have a safety stock of an average monthly sales (in this 
ease 200 units, column 1). The available stock at the beginning of the month 
(column 2) is the same as the balance at the end of the preceding month 
(column 5). which is obtained simply by taking into account the difference 
between production and sales figures (or: column 5 = column 2 -f column 3 
— column 4). The target stock desirable at end of next month is the safety stock 
plus the forecast figure of the next month but one (the forecasts are taken from 
‘"Method A 1 ' column, Table 6-10). The quantity required from the production 
department is. therefore, obtained in the following way: 

Stock at end of month (column 5) minus quantity believed will be sold next 
month (column 6 ) plus quantity that should be produced next month (column 
S) equals target stock at end of next month (column 7) or 

column S = column 7 — column 5 -j- column 6 

Example 

The quantity ordered from the production department at end of August for 
September is 

450 - 386 - 220 = 284 ~ 280 units 

This example is based on several assumptions that perhaps should be pointed 
out here: 

1. There is no time lag in obtaining information about sales volumes in the 
current month and the figures are available when the production order is to be 
specified—which in reality is not always so. 

2. Xo lead time is required to put the order into effect, and the quantities 
produced are indeed equal to those specified in the previous respective months 
(see Table 6-11). 


Effect of Forecasts on Production Orders 
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The method, however, can be easily modified to overcome these difficulties. 
When final sales figures are not available, estimates can be used, and if production 
schedules have to be planned more in advance and the desirable quantities in 
column 8 cannot always be complied with, the computation should be adjusted 
accordingly. 

The effect of the forecast on stock variations is shown graphically in Fig. 
6-21. For the sake of simplicity it is assumed here that the quantity produced 
each month is transferred to stock only at the end of the month; hence the saw¬ 
shaped curve with the vertical upsurges, which indicate the monthly quantities 
produced. Inaccuracies in forecasting lead to fluctuations in the minimum stock, 
the level of wdiich is quite often below the specified desirable safety stock. 
Figure 6-22 shows that for a hypothetical case, when forecasts are accurate and 
coincide with the actual sales figures, the specified safety stock is invariably 
reached at the end of the month. This difference between the two cases has an 
effect on the average quantity held in stock and is of prime importance when 
decisions about the size of the safety stock have to be taken. Naturally, in a 
system that has a pattern as shown in Fig. 6-22, the risk of running out of stock 
is smaller than that in Fig. 6-21, and a smaller safety stock may be allowed 
(assuming all the other conditions and considerations are the same). 



Figure 6-21. Effect of forecast on stock variations. 



Figure 6-22. Effect of forecast on stock variations (an 
hypothetical cose of accurate forecasting). 
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Accuracy of Forecasts 

What accuracy is achieved in sales forecasting in practice? An interesting 
survey of sales-forecasting practices, which was carried out by the American 
Management Association in 1956, covered 297 companies, about two-thirds of 
which had an annual sales volume less than $50 million (the median of annual 
sales being $27 million). Some results of this survey are given in Table 6-12. 
Of the 248 companies that responded to the question of forecasting accuracy, it 
appears that all the companies belonging to the class of consumer nondurable 
goods (group G) could boast of having forecasts within 10 per cent. In all the 
other groups, however, the scatter of errors was rather wide, and while some 
companies seemed to enjoy an accuracy of 0 to 2 per cent, others seemed to be 
off the mark by 30 and even 50 per cent. The average error was 8 per cent, while 
the median was down to 5 per cent. 


Table 6-12 

Accuracy of Sales Forecasting in Practice 
(AMA Survey in U.S., 1956) 






Error of Forecast f Q / n ) 



Number 

Number 




Group 

Type of Product 

Surveyed 

Responded 

Average 

Median 

Range 

A 

Capital and industrial goods; 







e.g., machine tools, tele¬ 
phone, broadcasting, railway 
and materials handling 
equipment 

38 

32 

9.2 

6 

2-29 

B 

Industrial and office acces¬ 







sories; e.g., pumps, instru¬ 
ments, light office machinery, 
industrial furniture 

29 

26 

5.9 

4 

0.5-30 

C 

Components, machine parts. 







and assemblies 

75 

58 

11.0 

9 

0-50 

D 

Materials for manufacturing; 







e.g., chemicals, metals, plas¬ 
tics, rubber 

47 

42 

7.5 

6.5 

1-28 

E 

Industrial and office supplies; 







e.g., lubricants, paper and 
packaging materials 

12 

11 

7.1 

5 

0.5-20 

F 

Consumer durable goods; e.g., 







automobiles, electrical ap¬ 
pliances 

34 

30 

8.7 

8 

0-22 

G 

Consumer nondurable goods; 







e.g., foods, drugs, cosmetics 

38 

29 

4.2 

4 

0.3-10 

H 

Miscellaneous; e.g., agricultural 







equipment, military aircraft 

9 

7 

7.7 

4 

2-15 

I 

Services and trade; e.g., trans¬ 







portation, insurance 

15 

13 

6.2 

3 

1-30 


Total 

297 

248 

8.0 

5 

0-50 
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However, it must be borne in mind that the errors cited are deviations of the 
actual total sales of each company from the total sales forecast. Some of these 
companies deal with thousands of products each, and it is therefore obvious that 
the forecasting experience of the company varies greatly with the products. In a 
report to the American Management Association conference on sales forecasting 
in 1956, 3 the Coming Glass Works, Corning, New York, stated the following 
errors in total sales forecasts for the company (comprising 22 sales departments 
organized on trade-channel lines and covering a variety of consumer, technical, 
and electrical products): 

Forecast for 1952, — 8% (i.e., 8% below actual sales) 

Forecast for 1953, — 9% 

Forecast for 1954, —13% 

Forecast for 1955, + 4% 

It was stated, however, that C£ in a breakdown of the individual components, the 
record shows that, for some sales departments, our forecasts have been very 
good; for others, they have been quite wide off the mark.” 

Case Studies in Sales Forecasting 

Numerous case studies in forecasting have been published; some are detailed, 
some lack relevant information, some relate methods that have been specially 
developed for one particular firm or industry and which are of little use to other 
firms. But essentially their importance lies in their evaluation of their own 
methods, in the accuracy achieved, and in the price the company has to pay for 
inaccurate forecasts. Two examples are related below. 

Capitol Records, Inc., Hollywood, California 4 

This company’s products include “single” records (disks usually with one 
selection on each side) which are released as 7-inch 45 rpm, and “album” records 
(with several features), which are made in long-playing 12-inch 33 J rpm and 
in 7-inch 45 rpm. The company reported having 26 branches and 10 distributors. 

The main problem is inaccurate forecasting because the market may vary 
considerably in size and the product very often has a short life. Most of the 
records have a sales volume of 25,000 units, but once in a while a record may sell 
more than a million units in 90 days. Overproduction due to high sales expecta¬ 
tion leads to obsolescence: underproduction results in lost sales opportunities, 
which may sometimes he quite considerable if “hit” records fail to be recognized 
as such when forecasts are made. In order to rectify the shortcomings of under¬ 
estimates in the forecast, the production schedule has to be very flexible indeed 
to respond to market demands, but owing to the extremely short-lived popularity 

s American Management Association: Sales forecasting, uses, techniques and trends 
(Special report No. 16, 1956). 

4 From reports published in the AMA case studies in Production Forecasting, Planning 
and Control (Manufacturing Series No. 223, 1957). 
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of some records, this is not always possible. Hence the major task of forecasting 
is to try to minimize obsolescence on the one hand and risks of underproduction 
on the other, and this in the face of a highly variable and unpredictable market. 

First the company had to establish trends in public preference of the various 
types of products offered to the market. It was found that the 78-rpm disk 
market was contracting and that the 12-inch 33J rpm disk was becoming more 
and more accepted, though the preference of size and speed of disk was still a 
function of the repertoire. Although definite trends in this category still seem to 
be discernible, the question of forecasting obviously becomes more complicated 
when, in addition to trying to tell how much will be sold of each song, the fore¬ 
cast must also provide the breakdown as to sizes and speeds of records. 

The sales forecast committee at Capitol Records Incorporated prepares semi¬ 
annual forecasts: a final forecast for the coming six months and a tentative one 
for the succeeding half-year. The methods used are: 

1. Field forecast, based on forecasts prepared by district sales managers 

2. Sales trends, based on past record sales by product lines 

3. Over-all phonograph sales forecast, prepared by the market research de¬ 
partment and based on predicted share of the market percentage 

4. Album product forecast, prepared by the market research department and 
based on analysis of promotion methods in the future as related to successes 
in the past 


Fhe committee correlates results of all these methods and produces the final 
brecast. 

In short-term forecasting (one month in advance), on which the record release 
ehedule is based, the progress and success of each artist are closely studied and 
ictual past sales show whether an artist is a consistent performer in terms of 
ales, in which case future sales of his records may be more accurately predicted. 
?he distribution of an advance batch is another method for testing public 
eactions before the general distribution of the record. These reactions may help 
□l reassessing the short-term sales forecasting. 

It is very interesting to mention the accuracy that has been achieved by these 
orecasting methods in an industry so vulnerable to the public whims and often 
naccountable preferences. No data are given in report to the AMA, but later 
he company released the following figures of errors in its semiannual forecasts 
:>r its potential business: 


Date of Forecast 

November, 1956 
April, 1957 
October, 1957 


For the period Error of Forecast in 

Relation to Actual Sales 
Jan.-June, 1957 —11% 

Julv-Dec., 1957 + 2% 

Jan.-June, 1958 +15% 


The error of +15 per cent in the forecast for January to June, 1958, was 
ttributed to the effects of the Spring recession of 1958, which were greater than 
nticipated, and to the influence on the market of stereophonic disks, which were 
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introduced earlier than anticipated. The forecasters believe that by currently 
reviewing their methods, they have been constantly improving their accuracy. 

Eastman Kodak, Rochester, New York 5 

The company produces a variety of products, but the report to the AMA is 
confined to photographic products (which account for two-thirds of the total 
sales). These include durable goods, nondurables, and services. The techniques 
used for sales forecasting vary from product to product. 

First a general economic survey is prepared twice yearly, and it includes an 
economic forecast for the coming year and for a five-year total in terms of gross 
national product, disposable income, and several selected indicators. After 
approval by top ma na gement, the review is passed on and explained to division 
and department managers in written form. 

Bales forecasting is generally done by two methods. 

The trend cycle method: i.e., by extrapolation of past trends. The results are 
reviewed in the lig ht of the economic forecast and modifications are also made 
after examining selected predictors that have proved reliable in the past. 

Multiple correlation method: i.e., by use of mathematical formulae, which include 
what seem to be the main variables (such as demographic factors, price 
ratios, and economic indicators). 

After the first analysis, the company uses the following procedure: 

1. A statistical projection is prepared, based on this analysis and on the 
economic forecast, and then modified by such factors as the competitive situation, 
size of dealer inventories, pricing policies, and sales promotion plans. 

2. Conferences are held with executives responsible for the company's policy, 
who can contribute and adjust the forecasts. 

3. The Finished Products Committee (made up of a vice-president and top 
managers responsible for sales, production, advertising, finance, etc.) gives its 
final approval. 

These methods have been constantly evaluated and modified, and the com¬ 
pany claims that in the period 1932 to 1956, the sales forecast deviated from 
actual safe by less than 10 per cent in all but 4 years (the exceptions: 1932, 
1-937. 1941, 1950, the last two being connected with United States entering a 
war), while in 15 years the deviations were less than 5 per cent. 

Summary 

Safe forecasting is an indispensable preplanning tool, that guides the firm's 
activities and determines the efficient utilization of its resources. It provides 
data on which management decisions have to be taken: decisions relating to 
production volumes, inventories, budgeting, pricing, and long-term planning of 
the firm's future development. Market research is basically a study of the factors 

5 From report published in the AMA ease studies in Production, Planning and Control 
(Genera! Management Series Xo. 188, 1957). 
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that restrict consumption, the main ones being: the product and its limitations, 
the consumer, competition and saturation, distribution methods, and the state 
of business as a whole. In making the forecast, several methods are used, such 
as general economic trends, share of the market, sales trend analysis, simple and 
multiple correlation analyses, sales managers’ estimates, or combinations of 
these methods for correlation purposes. Predicting the future, however, is a 
difficult task, and the validity and accuracy of the collected data do not always 
come up to the production engineer’s expectations. A survey in the United 
States of some 250 firms indicates that the average forecasting error amounts to 
8 per cent (the median being 5 per cent), with wide variations reported within 
industry groups. 
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Problems 

1. Discuss the importance of sales forecasting for production scheduling. 

2. Devise a questionnaire for the purpose of finding the limitations of a specific 

domestic appliance. The questionnaire should be simple, easy to comprehend 
and to answer, short enough to maintain the interviewee’s interest and co¬ 
operation, while at the same time long enough to ensure an adequate picture 
of customers’ attitudes. 

3. Select a commodity which in your view emphasizes the problem of quality as a 

function of replacement. Discuss the various aspects that should be weighed 
by the management of the company concerned when the question of materials 
quality is to be specified for a new model of your selected product. 

4. Why should terms of sales affect sales? Suppose a new hire-purchase system is 

being studied. Outline the procedure that should be followed in order to 
evaluate its quantitative effect on the sales forecast. 
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5. Use the method of the least squares to decide whether in the example cited in 

the text for market share analysis (Table 6—3, Fig. 6—6) any trend of the market 
share can be established. 

6. In Table 6-3 add the data for the eleventh year (13.3%) and do the following: 

(i) Find the new average and verify by the least squares whether a trend 
in the share of the market is discernible. 

(ii) Modify Fig. 6-6 in the light of the additional data. 

(iii) What do you expect the market share to be in the twelfth year? 

7. Figure 6—9 gives the regression line with control limits, calculated on the given 

data of II years, as specified in Table 6—4. It is now known that the sales 
for the twelfth year is $80 million. Correct Fig. 6-9 accordingly, and forecast 
the sales for the thirteenth year. 

8. Add to Table 6-4 the figures for year 12 ($80 million) and year 13 (81 million). 

(i) Find the regression line. 

(ii) Forecast the sales for year 14. 

9. The sales of C & X Corporation in eight years were (in millions of $); 5.2, 4.5, 

9.8, 9.2, 11.6, 18.5, 17.5. 22.0. 

(I) Find the regression line, following the method outlined in Table 6-5. 

(ii) Plot the regression line and the control limits. 

(iii) Cheek your results, following Table 6-7. 

(iv) Use the modified computational method (as per Table 6-6), using 
x l — —3.5 (for the first year), x 2 = —2.5, . . . , x 8 = +3.5. 

16. Develop a method for plotting a regression line of the second degree, expressed 
as F = a — bx — cx\ and determine the coefficients a, b, c by the criterion 
of the least squares. 

11. From the data in Fig. 6-18, 

|i) Find an expression for the regression line of the 12-month moving 
average (note that it is not linear). 

(ii) Forecast the average consumption of electricity in 1956-1960. 

(iii) Check your forecast against figures for these years, published in the 
Survey of Current Business (or any other source). 

(iv) Modify- your expression accordingly. 

12. From the data given in Fig. 6-18 make a monthly- forecast for 1956—1960. Note 

that the seasonal pattern is magnified with time. Assume a constant rate of 
magnification per annum and base your forecast on: 

(i) The regression line you obtained in the previous problem. 

(ii) A linear trend based on 1952-1955. 

13. It was suggested that a simple correlation analysis should be carried out to 

establish the rate of increase in domestic electricity 7 consumption as a function 
of the rate of increase in population. What do \ T ou think? 

14. Would you support a forecasting method based only- on a multiple correlation 

analysis that proved quite reliable for six y-ears? Why? 

15. Read several ease studies in sales forecasting and discuss the merits and limi¬ 

tations of the use of indicators. 

16. Discuss the implications of forecasting on the manufacture of durable and non¬ 

durable goods and point out the difference in approach, if any, to forecasting 
methods in the two eases. 
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17. In the hotel business it is useful to study the statistics of movement of passengers 
into the country. Passenger movement into and out of the United Kingdom in 
recent years is shown in the following table (figures in thousands): 


Total 

1948 

1949 

1950 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

1958 

1959 

passengers 

arriving: 

By sea 

2,084 

2,365 

2,449 

2,631 

2,676 

2,678 

2,910 

3,226 

3,288 

3,398 

3,592 

3,772 

By air 

Total 

502 

583 

710 

865 

922 

1,120 

1,259 

1,462 

1,850 

2,192 

2,342 

2,655 

visitors 

arriving 

504 

563 

618 

712 

733 

819 

902 

1,037 

1,107 

1,180 

1,258 

1,395 


All figures in thousands (Annual Abstract of Statistics, U.K., 1960). Analyze 
these figures and determine the regression lines for forecasting purposes. 


18. -Figure 6—21 is based on the calculations shown in Fig. 6-8. Construct a similar 

table of calculations for the hypothetical case when forecast figures coincide 
with actual sales figures and check your results by means of Fig. 6—22. 

19. In Fig. 6-21, which describes the fluctuation of stock due to forecasting, the 

average stock for the year is 405 units, as compared with an average stock of 
424 units in the hypothetical case of accurate forecasting (Fig. 6-22). As each 
unit in stock involves certain storage costs, the system described in Fig. 6—21 
is less costly than the one in Fig. 6-22. Should it therefore he concluded that, 
from the point of view of storage costs, inaccuracy in forecasting is a blessing 
in disguise? Explain. 

20. In Table 6—11 it was ass um ed that the quantities produced each month are the 

same as those specified in the production order (column 8). Suppose that, owing 
to scheduling considerations, it is not always possible to comply with these 
orders and some deviations are inevitable. Should the actual production 
figures (column 3) read Dec. 300, Jan. 200, Feb. 250, Mar. 200, Apr. 200, 
May 150, June 150, July 200, Aug. 200, Sept. 300, Oct. 250, Nov. 250, Dec. 
300 (the total production quantity for the year equals the sum of the monthly 
orders), how would the stock level be affected? Construct the table on the lines 
of Table 6-11, plot the stock variations, and compare with Fig. 6-21. 

21. In its publication, “National income and expenditure, 1958,” the ILK. Central 

Statistical Office quotes the following index numbers of prices and costs 
(1948 taken as 100): 

1948 1949 1950 1951 1952 1953 1954 1955 1956 1957 

Home total costs 

per unit of output 100 10*2 103 110 121 124 127 130 139 145 

Price of final output 100 103 106 119 126 127 128 133 140 144 

Is it reasonable to conclude that prices kept pace with rising costs? 




7 


PLANT LAYOUT 


A plant layout is an arrangement of facilities and services in the plant. It 
outlines relationships between production centers and departments. A layout 
may either evolve gradually, or it may be planned for future operations. The 
main purposes of a planned layout are to: 

Integrate the production centers into a logical, balanced and effective production 
unit. 

Facilitate satisfactory movement of materials and personnel and an efficient 
control mechanism of such transportations. 

Provide a logical distribution of functional facilities in the plant. 

Be adaptable to possible changes in the plant’s production program; either 
changes in product design or changes in the required output may require 
rearrangement of equipment or expansion of the plant’s facilities. 

Ensure proper allocation and utilization of space to the production centers and 
to services departments. 

Allow convenience of operation both to operators and supervisors. 

All these objectives cannot always be simultaneously attained; for instance, 
a demand for minimum transportation is often at variance with an ideal func¬ 
tional grouping. Likewise, a flexible layout adaptable to changes may be incom¬ 
patible with an integrated one. Thus, before arriving at a well-balanced solution, 
alternative layouts have to be carefully analyzed and their advantages and 
disadvantages studied in the light of these objectives. 

Plant layout provides the broad framework within which production and 
many administrative activities have to take place, and as such has an important 
bearing on utilization of facilities, on manufacturing methods, on control 
mechanisms, and on production costs. Layout has also a marked effect on capital 
expenditure, and the costs of special installations have to be carefully weighed 
against potential savings in the cost of labor, machine time, handling, and ser¬ 
vices. The major effects of plant layout on various aspects of production 
management may be summarized as follows: 

1. The layout determines the location of departments and production centers, 
their proximity to each other and to various services, and hence the efficient 
utilization of available space. 
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2. It outlines the nature of flow in the plant and affects the distances traveled 
materials and personnel; hence it is concerned with the time, effort, and costs 

ent on transportation. 

3. It affects the types of handling systems, their integration in the over-all 
oduction program, and the costs of their installation. 

4. It specifies the location, accessibility, and size of stores, and also the space 
d location of temporary storage for work in process. 

5. It greatly affects the amount of work in process and work awaiting further 
ocessing: hence it involves the total production time and the capital tied up 
work in process. 

6. Machine utilization is partly determined by layout. This is reflected in 
tput per machine hour, in the total machine capacity that is required, and in 
pital tied up in equipment. 

7. Operator's span of activities, responsibilities, auxiliary tasks, walking 
ne, fatigue, and efficiency may be dictated by layout considerations. 

8. Maintenance procedure, schedules, and costs as well as policy of repairs, 
serves, and replacement may be affected. 

9. The amount of supervision required and the degree of specialization neees- 
rv in supervision is sometimes dependent on layout. 

10. Production planning and control systems may be greatly affected, 
xtieularly the complexity of routing, machine loading, expediting, and the 
per work involved in control mechanisms. 

11. Effect on time lag between inspection and corrective actions has to be 
tidied, as this may be reflected in amounts of rejected work. 

Flow Systems 

The flow of materials through the plant is one of the major factors that 
termines the type of layout. The flow of materials governs the cost of the 
aterials handling, the amount of work in process, the capital and space tied up 
* work in process, and the length of the total production time. All these are 
eighty factors indeed, and each one is enough to justify a careful study of 
»w systems. Furthermore, the rate of performance and coordination of opera - 
rs may have to be related to the rate of flow, and line production in particular 
ay impose considerable physical and mental strain on the operators. Super- 
sion and control mechanisms may also be affected. Simple flow lines are ideal 
r control purposes, and visual supervision is often possible. A complicated 
>w system usually implies a complicated control system. Quite often a plant 
yout design starts with the flow system, around which services and other 
cilities are added and buildings designed or modified accordingly, but some- 
nes the flow must be adapted to existing buildings. Flow systems can be 
issified into horizontal and vertical flows. 
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Horizontal flow lines 

The five basic types shown in Fig. 7-1 are: 

1. I-flow , or line flow, is the simplest form of flow. Materials are fed at one 
end and the components leave the line at the other. The I-flow is economical in 
space and convenient in I-shaped buildings (see example in Fig. 7-2). 

I Flow (Line flow) 


V_ 

L Flow 


V 


U Flow 




S Flow 



Figure 7-1. 

Basic horizontal 
floic systems . 


2. L-jl 0 U' is similar to the I-flow and is mainly adopted when an I-line cannot 
t>e accommodated in the available space. 

3. U-flow has both the feeding to and ejection from the line at the same end. 
When the line occupies the whole flow, a U-line is convenient, since it allows 





i 

' 


Figure 7-2. Examples of I- and U-floic. (Top) 1-fioic in a body trim conveyor line 
for automobiles. (Courtesy Vauxhali Ltd. England) (Bottom) V-floic in an assembly 
line for winding small motors. (Courtesy Brown, Boveri & Co. Ltd, Baden, Switzerland) 
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Figure 7-3. Examples of O-floic. (Top) Filling apparatus with soldering control 
for sockets. (Bottom) Combination of circular and line flow in automatic pro¬ 
duction of electric bulbs. (Courtesy of Philips, Eindhoven. Holland) 
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both receiving and dispatching of goods to be made at one side. It is also easier 
for supervision than an I- or L-line. An example of a U-line is shown in Fig. 7-2. 

4. S-flow is adopted when the production line is so long that zigzagging on the 
plant floor is necessary. The S-flow provides efficient utilization of space and is 
compact enough to allow effective supervision. 


I+U (or L+L) Flow Systems 


V_ J 

S-f L Flow Systems 



St l Flow Systems 



Figure 7—1. 
Examples of 
combinations of 
basic horizontal 
flow systems 


5. O-flow is used when operations are carried out on a rotary table, or a rotary 
handling system. The components are passed from one working station to the 
other, and when they leave the O-line, a complete set of operations has been J 

performed, and the components can be inspected before they are passed on to a { 

second O-line for an additional series of operations or to an assembly line. An f 

example of an O-flow is shown in Fig. 7-3. f 

The basic flow lines are frequently used in various combinations in industry; f 

some examples are given in Figs. 7-4 and 7-5. Two additional aspects of J 

horizontal flow lines should be mentioned: 
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Unidirectional or refractional flow 
In a unidirectional flow, the material is transferred from one machine to 
another without having to move again along the same path (Fig. 7-6). In 
refractional flow, the flow is repeated, i.e., tw’o or more nonconsecutive operations 
are performed on the same machine. Evidently this aspect of flow is determined 
by considerations of machine utilization. In retraetional flow’, the available 
machine time is more fully employed, but schedules have to allow’ for repeated 
mac hin e setting and for the fact that intermittent localized halts occur in the 
production line each time a machine is switched over from one operation to 
another. 



Figure 7-5. Flow line in the manufacture of motors, shoic- 
ing the combination of basic flow lines . (Courtesy Brown, 
Boveri & Co. Ltd., Baden, Switzerland) 




Figure 7-6. Vnidirectiotml and repeated flow. 

ntegration of flow lines into an assembly line 

For a continuous flow system to operate smoothly, w’here several flow lines 
eed assembly lines, the logical pattern of integration can be likened to a river, 
'here several estuaries combine into the main stream {Fig. 7—7). The rate of 
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flow of the main assembly line is the dominant factor in the integration of all the 
lines into one unit. If the rate of flow of one of the feeding lines is higher than 
the irmm line, production in the feeding line has to be intermittent, and the 
feeding line can be used to produce several components or subassemblies in 
batches. For example, in Fig. 7-7 the main assembly line is supplied with six 
subassemblies: three are continuously fed into the main line by lines I, III, and 
IV, and the other three (A.B.C) are manufactured in batches by line II and 
supplied to the main line from temporary storage locations. 



Figure 7-7. .4 "river" convergent flow. 


i, n. in. xv 

HLII2 
IV 1, IV 2 
a. b. c, d, f, /, g 

A . £, C 


Production lines feeding the main assembly 
line. 

Sublines feeding II. 

Sublines feeding IV. 

Bought-out components or assemblies fed to 
assembly lines. 

Subassemblies produced consecutively in 
batches on line II. 


Vertical flow fines 

In multistory buildings a carefully planned flow is of particular importance 
for materials handling systems and control mechanisms to operate effectively. 

Six basic aspects of vertical flows are shown in Fig. 7-8. 

Processing downwards or upwards 

The flow patterns seem similar for these two cases, but in downward processing 
t e raw materials have to be taken to the top floor, whereas in upward processing 
the finished product ends up at the top floor. This aspect has an important 
aring on the handling system. When processing downward, many gravity 




Figure 7-8. Six basic aspects of vertical floic systems . 

ssing downward or upward. (iv) Vertical or inclined flow, 

alized or decentralized elevation. (v) Single or multiflow. 

•eetional or retractional flow. (vi) Flow between buildings: elevated or ground flow. 
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handling systems (roller lines, chutes, pipes, buckets, hand-operated lifts, etc.) 
can be used, and these are economical in installation, operation, and main¬ 
tenance. In some cases, however, processing downward may not be practical. 
In metal-working industries, if the raw material consists of large raw castings, 
processing downward would mean installing the heavy machine tools on the top 
floor and carrying swarf and scrap back to ground level—a very costly setup. 
The normal practice is to have heavy machine shops on the lower floors and 
assign only light machines and light assembly lines to the higher floors, thereby 
achieving comparatively low costs in installation and foundations and restricting 
vibration effects in the light machine shops. 

In some cases, working upward is dictated by the nature of the process; for 
example, in one type of manufacture of plane glass by a continuous process, the 
glass is pushed upward through successive sets of rollers, and the finished glass 
sheet is cut into large panes as it emerges on the top floor. 

Centralized or decentralized elevation 

In a centralized elevation all the handling systems, either upward or downward, 
are concentrated at one end of the building. This method facilitates economic 
supervision and maintenance of the handling systems, sometimes even reducing 
the installation costs considerably, and is very useful when the flow on each 
floor is a U-flow. However, when the flow is, say, a line flow (I-flow), a cen¬ 
tralized elevation system results in extra materials handling on each floor 
because the work has to be returned to the elevators. In a decentralized elevation 
method, handling on each floor can be greatly reduced and more flexibility in 
design of the flow lines is possible, but the method is more costly in installation, 
maintenance, and space. 

Unidirectional or refractional flow 

In the retractional flow shown in Fig. 7-8 (iii), after processing on the third 
floor the work has to return to the fourth floor for a second time. As in a hori¬ 
zontal flow, a vertical retractional flow yields better machine and space utiliza¬ 
tion, but handling is more costly than in unidirectional flow. 

Vertical or inclined flow 

Vertical flow is carried out by elevators, chutes, and buckets, and is often 
economical in space. Inclined flow, which is also done by conveyor belts and 
chain systems, is sometimes more adaptable to flow systems. 

Single or multiflow 

A single flow system consists of one flow line. In a multiflow system, several 
production lines feed one assembly line and converge into one flow line. Alter¬ 
natively, as shown in Fig. 7-8 (v), the material is divided into several streams 
after the first operations, and each stream is directed to different processes, so 
that several products finally emerge. 
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Flow between buildings 

When several buildings form links in one production line, the flow from one 
building to the next may be either an elevated flow or a ground flow. Ground 
flow is cheaper to install and is particularly suitable when processing upward in 
the second building. If in the second building, processing is of the downward 
type, a ground flow’ system implies that the material has to be elevated to the 
top floor in the second building. Excessive handling may thereby result, and in 
such cases an elevated flow r transfer between the buildings may be preferable. 
Another advantage of an elevated flow is that it frees the ground space for 
traffic and storage purposes. 


Types of Layouts 

Layouts can be classified into three types, depending mainly on the type of 
production used in the plant. 

1. Product layout or line production, in which machines and auxiliary services 
are located along the product flow’ line. The layout is suitable for continuous 
types of production and can employ one of the basic horizontal flow’ lines or 
their combinations. 

2. Process layout, in which machines and services are grouped according to 
their characteristic functional purpose; for instance, all turning, w’elding. 
painting, etc., are performed in separate turning, welding, and painting depart¬ 
ments. A process layout is mainly employed in job and batch production. 


Table 7-1 

Advantages and Limitations of Types of Layouts 


Advantages 

Product Layout 

1. Layout corresponds to sequence of 
operations, resulting in smooth and 
logical flow lines. 

2. Reduced materials handling, since the 
machines are so located as to minimize 
distances between consecutive opera¬ 
tions. 

3. Small amounts of work in process, as 
the work from one process is directly 
fed into the next. 

4. Less space is occupied by work in 
transit and for temporary storage. 

5. Total production time per unit is short. 

6. Simple production planning and con¬ 
trol systems and simplified supervision. 

7. Little skill is usually required by 
operators at the production line; hence 
training is simple, short, and inexpen¬ 
sive. 


Limitations 

1. Layout is determined by the product 
and leaves little room for flexibility. A 
change in product design may need 
major alterations in layout. 

2. The “pace''’ is determined by the 
slowest machine; hence speed of 
machines is deliberately reduced or 
machines have excessive idle time. 

3. A breakdown of one machine may lead 
to a complete stoppage of the line that 
follows that machine. 

4. Comparatively high investment is re¬ 
quired, as identical machines (a few not 
fully utilized) are sometimes distributed 
along the line; also, machines may be 
required to stand by in case of break¬ 
downs. 

5. Supervision is general but not special¬ 
ized. 
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big or too heavy to bo moved from one proooNM to the other a,rid in con 
lently fixed in one place. The maohinew and men are brought to the product 
erform the required operation*!. Thin layout i h typieal of job production in 
itructional work, in shipbuilding, in the fabrication of largo tanka or* preHHurc 
els, etc. 

ach of these types of layout has its advantages and limitations, an shown in 
le 7-1, .but combinations of these types are in use. very often in industry; 
n, for example, when a product layout is basically desirable, it is sometimes 
:ssary to allow for a repeated flow, as shown in Fig. 7 0, in order to avoid 
issive machine idle time and extra capital expenditure, 
he difference between a product and a process layout, is illustrated in 
. 7-10 and 7—11. I he product in question consist s of 3 components, and 
Ives 17 operations and 5 inspections in a machine shop, as shown in Mg, 7 ft 
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Figure 7-10. *4 product layout . 






















6 Production’ Planning and Control 




lie flow is basically a TJ-flow. The raw materials are supplied from the stores and 
le metal bars and sheets are first cut to size. In the functional layout (Fig. 7-11) 
iere are nine production centers to which all the components are brought 
ceording to the process chart, the inspection in this case being also centralized, 
i the product layout (Fig. 7-10) the U-flow line is strictly adhered to and 
le total distance traveled by materials is considerably shorter, but turning 
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re T—13. (Top) Old layout with a separate inspection department C. Work 
ifing inspection is accumulated in department B. (Bottom) \ew layout, pro¬ 
ng continuous flow from assembly to final stage . Inspectors sit beside the 
r eyors, which eliminate accumulation of work in progress awaiting inspection - 

printed with permission from Ralph M. Barnes, 31 of ion and Time Study , John Wiley & 
Inc., 1956) 
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operations, for instance, have to be performed at three different locations 
along the production line. The comparison between the two layouts can be 
summarized in the following table: 

Product Layout Process Layout 


Number of operation stations 11 

Number of inspection stations 4 

Total number of stations 15 

Total distance covered by materials (based on 
the assumption that floor area is the same for 
the two cases) 283 ft. 


8 

1 

9 


477 ft. 


In the product layout great saving in materials handling can obviously be 
effected. At the same time the utilization of the lathes and the drilling machines 
have to be a na lyzed to ascertain that the distribution of the operations along the 
line does not lead to excessive machine idle time. In the suggested process lay¬ 
out, for instance, it is also clear that inspections are responsible for a great 
amount of handling (208 feet), and therefore a decentralized inspection system, 
i.e., inspection along the line, may be more suitable. In this way a reasonable 
solution for a layout can be arrived at, which is quite often a compromise between 
the two methods. An example for a solution that could perhaps satisfy the case 
discussed above is shown in Fig. 7-12, where two turning and two drilling stations 
are specified, leading to the following summary: 


Number of operations stations 10 

Number of inspection stations 4 

Total number of stations 14 

Total distance covered by materials 298 ft. 


The location of inspection and its integration into the production line may 
have a considerable effect, not only on the cost of handling in the plant but on 
the amount of work in process and on the time lag bettveen inspection and 
corrective actions. In Fig. 7-13a we have an example where assemblies are 
completed in department A . stored at B waiting for inspection, inspected at C, 
and stored again at D. The amount of work accumulated at B causes a serious 
delay between production and inspection, with the result that if too many 
rejects are found, which would require machine adjustment at A, this adjustment 
takes place after a considerable amount of rejects or scrap has accumulated at 
B. When a layout as in Fig. 7-13b is adopted, the inspection is carried out 
immediately after production, and information about corrective actions can 
quickly be fed into the production department. The flow system ensures that 
work in process is greatly reduced and economies in space can consequently be 
effected. 

Another example of a layout for inspection immediately after the operation is 
carried out is shown in Fig. 7-14, where the inspection stations are located in 
front of the appropriate machines. The finished components are fed through a 
chute to the inspection station, where they are sorted out and the good com¬ 
ponents are collected in a container under the inspection bench. Figure 7-15 
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[lustrates a final inspection layout, which allows for several inspection stations 
a series along the conveyor belt. Each station is responsible for checking one 
►articular aspect of the product, such as the inside, or the outside. If the product 
3 acceptable, it is passed on to the next station; if it is rejected, it is transferred 
o a rejects line for repairs, after which it is fed again to the first inspection 
tation on the conveyor belt. 



Opera for. Operator Operator 


Figure 7-14. Layout for inspection: a bench at rear of 
machine eliminates some handling . (Reproduced with per¬ 
mission from “Inspection in Industry/’ a productivity report of 
the Anglo-American Council on Productivity, 1953) 



(T) Inspect one side 
@ Inspect other side 
(3) Inspect Inside 
© Inspect outside 
© Relief Inspector 

@ Review & disposal 
of refects 
© Minor repairs 

(production men) 


ignore 7-15. Layout for final inspection on conveyor belt . (Reproduced with per- 
ission from “ Ins pection in Industry”, a productivity report of the Anglo-American 
Dimeil on Productivity, 1953) 

[achine layout 

The general layout of the plant can be broken down to a detailed planning of 
ie position of each machine, its relation to other machines, and to materials 
^riling systems. The layout of the machine not only affects the efficiency of 
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he operation performed on it, but also may have a bearing on subsequent opera- 
ions and on the rate of production of the whole line. One major consideration in 
uachine layout is that of space, and the problems that have to be studied in this 
aspect were summarized by Alford and Bangs 1 as follows: 

Room for the worker operating the machine or machines. 

Allowance for projection, overhang, or overtravel of machine parts, such as the 
table of a planer. 

Allowance for projection of work, such as bars fed to a screw machine. 

Room for industrial trucks to deliver and remove parts that are large or are 
handled on skids, pallets, or in tote boxes. 

Space for floor conveyors or chutes in a fixed product layout. 

Room to get large work on and off machines. Often this handling is done by a 
hoist, jib crane, or overhead traveling crane for the use of which there must 
be the proper space allowance. 

Area for the storage of the maximum-sized lots of work to be done, and for 
work completed and awaiting removal. Most frequently these areas are 
necessary in the actual doing of work to provide the place from which to get 
parts for processing and to put them as they are finished. 

Place for workbench, work table, tool rack, or other equipment containing the 
worker’s tools, supplies, drawings, etc. 

Room to get at any part of the machine which may require adjustment or 
changing in the course of operations. 

Quick access to safety stops in case of accident to worker or breaking or jamming 
of the machine. 

Access to the machine for inspection, maintenance, oiling and repairs, and for 
the removal of any part, such as a shaft, without moving the machine from 
its position. 

Allowances made necessary because of proximity to columns, walls, partitions, 
stairways, elevator approaches, etc., which may require the providing of 
extra area, or for the waste of area, because of the size or shape of the machine. 

Apart from space, additional aspects have to be considered in machine layout: 

Problems of installation, including foundations, power, water, exhaust systems. 

Convenience of loading and unloading materials, the integration of these opera¬ 
tions in the handling systems and the effect of the layout on the flow lines. 

Convenience in operating the equipment and supervising it, to ensure maximum 
efficiency and minimum operator fatigue. 

The proper relation of the machine to the other machines in the production 
center, including allowance for multimachine supervision by one operator or 
for additional tasks the operator has to perform in the production center, in 
order to ensure a smooth integration of the machine in the center and reduc¬ 
tion to a minimum of operator wa lkin g time. 

Lighting, ventilating, and safety requirements that have to be met by the 
layout. 

1 Alford, L. P., and Bangs, J. R.: Production Handbook (The Ronald Press Co., 1952). 
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Materials handling 

Materials handling systems are the means by which the flow in the plant is 
sustained and hence form a vital part of plant layout design. Materials handling 
is used for horizontal, vertical, or combined horizontal and vertical movement 
and may be classified into the following main groups: 

Cranes for handling material or components above the ground, either for the 
purpose of freeing the floor from handling devices, in order to save space, or 
because the material is heavy, bulky, or awkward to move by other methods. 

Conveyors for handling components or bulk material, including belt conveyors, 
roller conveyors (gravity or power operated), chutes (very convenient for hand¬ 
ling between floors), screw conveyor (often for bulk material, both horizontally 
and vertically), chain conveyor (from which components are suspended or on 
which buckets are attached), or a pipe system for moving powder, grain, or 
liquid material under pressure. 

Trucks , hand or power operated, including fork lift trucks with their multitude 
of attachments, platform tracks, tractors, and trailers. 

Gravity handling systems are naturally much cheaper than power-operated 
ones, and usually are more adaptable to changes in layout. All handling systems 
impose space requirements which must be taken into account in layout planning, 
especially problems of clearances of cranes and maneuverability of trucks. 

Figure 7-16 is an example showing the effect of flow on a plant layout. 
Another case study* 2 illustrating the introduction of a mechanized materials 
handling system is given in Fig. 7-17. in which 25.000 lb. of yarn per week were 
supplied to two knitting departments, in cases weighing 350 lb. gross each. The 
main yarn store was located outside the main building and handling was carried 
out by hand trucks. Each knitting department used a temporary yarn store 
(occupying space of 800 sq. ft.), from which material was transported to the 
machines. When a mechanized overhead conveyor system was installed with 
carriers capable of holding 25 lb. each and a procedure worked out for loading 
the conveyor, receiving at the knitting departments and returning trays to the 
main store, the output of the plant increased by 10 per cent. The layout re¬ 
mained essentially unchanged, but the temporary yam stores were eliminated 
and the cost of handling greatly reduced. 

Effect of automation on layout 

The fully automatic factory is still a dream of the future, but automated 
individual sections or production lines are becoming more and more frequent in 
industry and are having considerable impact on the layout of plants. The 
automated line provides for: 

1 . A constant flow of materials through the system 

2. Automatic loading, positioning, and unloading 

2 The Institution of Production Engineers Journal, December 1956, p. * 64. 
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Automatic handling between operations 

Inspection after certain predetermined operations 

Automatic sorting of good components from bad ones 

Adjustment of machines and processes as dictated by inspection results. 

significant implication of automated production lines is the reduction of 
i in process and of temporary storages to a minimum, resulting in substantial 
ig in space (up to about 50 per cent) and costs of materials handling, 
itomatic installations are usually associated with major capital expenditure, 
naturally the question of flexibility immediately arises, i.e., the adaptability 
Le automated line to variations in design or to multiproducts. Clearly, if the 
is a rigid system, which requires major changes in layout structure for even 
>r changes in product design, automation can be justified only for very high 
mes of production, where the line can turn out the same components for an 
eciably long time. If, however, flexibility in automated lines can be achieved 
n be adopted for batch production and have a marked effect on small and 
ium size establishments. The integration of these lines into one layout, 
mtput capacity ratio of automated feeding lines to nonautomated assembly 
, the maintenance procedure, and general equipment policy, all these remain 
>r problems affecting both layout considerations and production planning 
control systems in industry. 


atoms of a bad layout 

plant layout usually grows and develops. Not every minor change in the 
action program or additions of machines or sections justify redesign of the 
t layout, but these changes accumulate and gradually alter the basic pattern 
>w lines in the plant, until replanning of the layout becomes inevitable. The 
3 toms of a layout in need of redesign are: 

Congestion of materials, components, and assemblies 
Excessive amounts of work in process 
Poor utilization of space 
Long transportation lines 

Production bottlenecks at certain machines while similar or identical 
machines have idle times 

Excessive handling by skilled operators 
Long production cycles and delays in delivery 
Mental or physical strain on operators 

Difficulties in maintaining effective supervision and control. 



^wsaa rr^k 


Figure 7—16. The effect of flow on layout. These are flows of a winding shop in the 
manufacture of electric ceiling fans. Spools used to be delivered to the girls at 
the benches by small trucks , whereas in the new layout the handling is per¬ 
formed by the conveyors. The improved version of the work place layout is also 
clearly seen in the bottom photograph. (Courtesy General Electric Co., Ltd, Birming¬ 
ham, England) 
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ire 7-17. The effect of mechanized handling on layout . (Courtesy Cooper & R 

. Eagle Works. Notxingham, England) 



(b) New Layout 
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Factors to be considered in layout planning 

When a new or modified layout has to be designed, a great number of factors 
must be analyzed before any decision can be made on the pattern of the flow 
lines and type of layout and communication systems. Some of the major factors 
to be considered are: 

Hazards: nature of risks due to moving parts, projecting machine elements, 
suspended weights, air pollution at the production centers; other physical or 
chemical risks, and the type of precautionary measures required to ensure the 
safety of personnel and plant. 

Type of production: job, batch or continuous; also whether the production is by 
a continuous process or is an assembly line, and whether it involves single or 
multiflows. 

Type of operation: wet or dry, using heavy or light machinery, involving swarf, 
scrap, reprocessing, etc.; characteristics of the production and service centers. 

Sequence of operations: dependency of one operation on another, rigidity of the 
sequence, reprocessing and its effect on the flow being unidirectional or 
retractional. 

Integration of production: single flow or multiflow, relation of parts of the flow 
system to each other, coordination of sublines that feed major assembly lines. 

Type of product: its weight, volume, physical state (solid, liquid, or gas), its 
durability, susceptibility to transportation, and difficulty connected with its 
storage. 

Type of inspection: centralized or decentralized, its effect on amounts of work 
in process, and machines readjustment. 

Management policy: plans for future output and expansion, changes in product 
design and variety. 

Templates and models 

In planning a new layout or modifying an existing one, templates and models 
(normal scale J or § inch to 1 ft.) are very useful for the analysis of several 
contemplated alternatives. They save the time and effort required for preparing 
a separate drawing for each alternative and enable the engineer to visualize the 
characteristics, merits, and weaknesses of the layout under consideration. 

Templates can be black and white or colored and either of the black type 
(which gives only over-all dimensions of the equipment, including allowances 
but no details) or of the two-dimensional (plane) type (which gives the outline 
of the equipment in heavy line, other details in light line, and clearances in 
broken dash line). Two-dimensional templates are obviously much superior to 
block templates, which often lack the fundamental information required in 
planning a layout. 
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Figure 7-18. Cast aluminium models for layout planning . (Courtesy of Visual 

Planning Systems, Ltd, Alperton, England) 
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Three-dimensional models (see Fig. 7-18) make the suggested scheme easier 
to visualize, particularly to nonengineers (see Figs. 7-19, 7-20, 7-21, 7-22). 
Machine allowances and clearances, however, cannot be marked on models, and 
when these are important, the models are stuck on plane templates on which the 
clearances are marked. The combination of models and plane templates is by far 
the best, but are naturally more costly than the other methods. 



figure 7—20. Layout of an assembly department. The components are transferred 
rom the components stores to the assembly lines and then to the packing area . 
p he packed goods are brought to the warehouse by fork lift trucks . There are 
ico overhead traveling cranes and several conveyors , the location of tchich is 
asity visualized in the three-dimensional model. (Courtesy W. & T. Avery Ltd, 
*eeds, England) 
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Figure 7 -'22. Planning an assembly plant icith models . (Courtesy Ford Motors Co., 
Dearborn, MieMgan) 

Summary 

A plant layout has a marked effect on utilization of space and equipment, on 
transportation problems, on the amount of work in process, and on production 
control. A major factor in layout is the flow system and its relation to materials 
hanHlmg methods. There are several basic characteristics of horizontal and 
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vertical flows which have to be considered when designing a flow system. Layouts 
are classified as being of the product type (most suitable for continuous produc¬ 
tion or manufacture of large batches), process or functional type (mainly 
suitable for batch or job production), and static product type (for the manu¬ 
facture of products that are awkward or costly to transport in the shop). The 
effect of automation on layout is mainly associated with saving in space and 
handling, and reduction of work in process and problems of adaptability to 
product variety and changes in design. 
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Problems 

1. A plant has been in existence for some 25 years and has expanded considerably 

in the past S years, with new workshops in several annexes. It has been decided 
to set up a committee to study the existing layout and to make the appropriate 
recommendations. As an assistant to the chief production engineer you are 

being asked: 

{£) To specify which departments should be represented in the committee, 
(if) The method which the study should follow. 

(hi) The terms of reference. 

2. A plant is presently organized on a process layout basis. It is contemplated to 

replace the layout as a product layout. 

fi) Prepare a statement for management in which you specify the circum¬ 
stances that would justify such a changeover. 

(ii) Assuming that the changeover is to take place, what data would you 
require before planning the stages of such a change? 

3. (i) What are the basic horizontal flow systems and what is their significance? 
fii! Can the basic horizontal systems be used in vertical flow? Why? 

fiii) Discuss the possible effect of automation on flow patte rns in existing 
buildings with-S-flows. 

4. Discuss the po^ible implications of materials handling systems on production 

planning and control procedures. 
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5. What problems have to be studied for machine layout? 

6. In planning a new layout in an existing building, would you start by outlining 

the flow systems first and fitting each machine layout into it (i.e., by analysis), 
or would you start with the individual machines layout (synthesis)? Explain 
the merits of your recommended method. 

7. The management has decided that mechanized materials handling systems have 

to be introduced into a plant where excessive manual handling is used. A well- 
known manufacturer of conveyors has offered to send one of his engineers to 
study the problems of materials handling in the plant and to give his recom¬ 
mendations free of charge. Bearing in mind that his findings may be biased 
toward the introduction of a multitude of conveyors, what steps should the 
management take to ensure that it is presented with an objective picture before 
final decisions are taken? 

8. In a plant, two production lines for major assemblies feeding the main assembly 

line will be automated. What effect can this have on the production planning and 
control department ? 
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EVALUATION OF MATERIALS 

AND PROCESSES 


The selection of materials and processes naturally has an important bearing 
n the production efficiency of the plant and on the final cost analysis of the 
roduct. All the issues associated with such a selection must therefore be care- 
lily considered at the design stage. Though the desirable product characteristics 
re obviously of prime consideration, the significance of the maxim, "design for 
roduction,” should never be overlooked. 

What are the responsibilities of the production planning and control depart- 
tent regarding the selection of materials and processes ? The production people 
lould be consulted at the design stage, since their experience with regard to the 
cliavior of materials and capabilities of available production processes often 
•eatly contributes to the designer’s realistic analysis, before the design is 
lalized. Once the materials and major processes have been specified, no 
langes may be introduced by the production departments without formal 
yproval of the engineering department. The role of production planning at this 
age is confined to machine allocation, which involves only minor decisions in 
*ocess selection. However, a constant evaluation of materials and processes is 
quired so that the primary decisions can be modified as more suitable materials 

methods are evolved, or as more data become available about the factors that 
e considered "uncertainties" in the initial analysis. 


MATERIALS 



Improve product properties 
Accelerate production 
Reduce scrap 
Reduce cost 





1 


DESIGN FOR PRODUCTION 


Figure 8-1. Value analysis, or hoit to get more for less • 
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In the evaluation of processes and materials, the four main factors that have 
to he considered are the product properties, the rate of production, the reduction 
of scrap, and last but not least, the economic analysis (Fig. 8-1). These factors 
are naturally not independent of each other. Any of these considerations may 
lead to possible changes in design, and these have to be taken up by the engi¬ 
neering and research and development departments. 

Value Analysis 

The purpose of value analysis is to improve the qualities of a product while 
maintaining or reducing its costs—in short, to get more for less. The first step in 
value analysis is to find out precisely the qualities that the product is supposed 
to possess, and why. These characteristics should then be compared in detail 
with the materials and production operations, in order to find out what material 
and which operation are responsible for which characteristic. This comparison 
may reveal material qualities that are not exploited or operations that seem 
duplicative. By critically analyzing the value of materials and processes, new 
avenues may he explored, with the aim of developing more efficient methods 
fi.e., more efficient In the sense that all the-ingredients of input, in the form of 
properties of materials, machine operations and labor, really contribute to the 
attainment of the final goal). 

Consideration of new techniques and materials 

Conservatism in production engineering is a familiar phenomenon. Designers 
are reluctant to change techniques that have been used repeatedly with success 
in the past. In part this reluctance is due to ignorance of all the available 
possibilities, ignorance that stems from lack of experience in diversified methods 
of manufacture. But in many eases this conservatism is associated with anxieties 
and uncertainties as to what result may really be brought about by a change in 
method. The installation of a new method or a new machine is always accom¬ 
panied by unforeseeable difficulties, and people have to adjust themselves to 
new ideas or new conditions and may require some time before they regain their 
confidence and feel masters of the situation. Concern regarding the advisability 
of abandoning a working method in favor of one that has still to prove its merit 
under the special circumstances is always genuine, often justified, and may well 
account for the rule of tradition in processes and methods that is often en¬ 
countered in industry. 

This is why value analysis has repeatedly produced spectacular results. The 
General Electric Company has established a value-analysis service section, which 
ha» resulted in saving several million dollars a year for several years. The U.S. 
Navy reported saving several millions through its value analysis department. 
The Caterpillar Tractor Company claims saving over a million dollars annually, 
and the Joseph Lucas (Electrical) Company in Britain reported saving up to 
8300,(XiO per annum. Many more examples could be cited, and it appears that 
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nanufacturers are becoming more conscious of the obvious and effective service 
hat may be derived from value analysis. 


r alue analysis tests 

Figure S-2 illustrates ten tests in value analysis, as suggested by the Anglo- 
American Council on Productivity. 1 Each product or component is subjected to 
he following tests: 

1. Does its use contribute value? 

2. Is its cost proportionate to its usefulness? 

3. Does it need all its features? 

4. Is there anything better for the intended use? 

5. Can a usable part be made by a lower cost method? 

6. Can a standard product be found which will be usable? 

7. Is it made on proper tooling, considering quantities used? 

8. Do materials, reasonable labor, overhead, and profit total its cost? 

9. Will another dependable supplier provide it for less? 

10. Is anyone buying it for less? 





\ 



Figure 8-2. Ten tests for ralue analysis. (From “Design for Production." 
Anglo-American Council on Productivity, 1953) 


These tests cover the main facets that have to be considered. The question of 
aterials and processes evaluation will now be discussed in more detail. 


Efficient Utilization and Selection of Materials 

In the manufacture of some products, materials constitute quite a sizable 
►rtion of the total production costs, and a careful study of material utilization 
ay result in substantial saving. Reduction of scrap may not only affect direct 
st of materials, but it may also reduce the costs of handling, storing, and dis- 
>sal of scrap, saving in space, labor costs, and machine time. An interesting 

1 Design for production (Anglo-American Council on Productivity, productivity report, 
?tober, 1953). 
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survey carried out by the Institution of Production Engineers, 2 London, re¬ 
vealed that in the manufacture of metal components, the material utilization 
in recent years in Britain has been as follows: 

Material Range of Material Utilization (%) 3 


Bar parts 
Sheet metal 
Brass sections 
Iron eastings 
Aluminium alloy castings 
Steel stampings 

Average for complete set of parts 
in light precision assemblies 


12-80 

66- 98 
65-90 
53-93 

67- 93 
46-86 


73 


Although this survey was confined to the metal working industry, the wide 
range of utilization suggests that, while some firms are materials conscious and 
keep a close cheek on scrap and swarf, there is plenty of room lor improvement 

in many other establishments. 

Criteria for selection of materials 

What criteria should guide the selection of suitable materials? Materials are 
primarily selected for their physical and chemical properties in order to ensure 
that the part will function satisfactorily. When several materials are suitable, 
and when no other requirements have to be met, the cheapest material is usually 
selected. There are, however, numerous examples in industry where materials 
have not been chosen with adequate consideration for optimal processing con¬ 
ditions. In all eases where the specifications of the materials impose a restriction 
of any kind on the process or on the machine, the critical study of these specifi¬ 
cations is worth while, in order to ascertain quantitatively to what extent the 
restriction can he relaxed. Among the examples commonly found in industry 
the following should be briefly mentioned. 

Machine speeds 

Certain materials may impose restriction on machine operating speeds, such 
as in cutting speeds of machine tools and presses or flow" through extruders due 
to selection of materials having low maehineability, or in rate of flow incurred 
by the plastic properties or high viscosity of the material. Many case studies 
have shown that a selection of suitable materials allows an appreciable increase 
in operating speeds, so that even if more expensive materials are involved, the 
extra cost is sometimes offset by the savings effected through the shorter produc¬ 
tion cycle. 

“ utilization in the metal working industries (Institution of Production Engineers, 

London, 1955). 

3 Material utilization is defined as the proportion of purchased materials converted to 

final product. 
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r ot processes 

Another consideration is restriction on hot processes, either when the tern- 
erature required is too high and involves lengthy heating operations or when 
le temperature range of the operation is too narrow and repeated heating has 
> be undertaken because of rapid cooling. The time required for heating, especi- 
ly when several heating stages are involved, and the plastic or viscous 
roperties of the material at the process temperature may be vital factors 
>veming the production cycle. 

urface characteristics 

Limitations caused by the surface characteristics of the material may require 
reparatory treatment prior to the main operation, particularly in cases of 
elding, plating, or painting. The necessary characteristics of the surface may 



B HEWS 

materials department 


WHAT... 

Drive a battleship with nylon gears? 
not yet. .. 




MOTORS 

CONTROLS 

TIMERS 

APPLIANCES 


YES! 


OFTEN A 
BETTER JOB 
AND FOR 
LESS COST 



EXAMPLES 


BRASS AND LAMINATED 19? 

NYLON 6'-*? 

WE SHOULD BE USWE ZOT/MES AS MANY SEARS! 

Figure S-3. .4 leaflet for designers , encouraging the use 

of nylon gears. (“Design for Production, Productivity Report 
published by the British Productivity Council, formerly the 
Anglo-American Council on Productivity, 1953} 

elude the physical state of cleanliness, the surface texture, surface finish, and 
e chemical composition of the skin, or some specified combinations of these 
ur factors. To obtain a clean surface, the material may have to undergo dusting 
brushing operations, sand blasting, immersion into tanks containing deter- 
;nts and other degreasing agents, or rinsing in stationary or flowing liquids. 
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To obtain the required surface finish and texture, mechanical working processes 
have to be used, such as roughing, grinding and polishing. The skin properties 
sometimes play a crucial role in welding and soldering or when adhesives are 
used. The skin (usually an oxide) may have to be removed, or alternatively, a 
new layer of some suitable material may have to be added. All these treatment 
operations are sometimes very costly and time consuming, but by careful 
selection of materials and specifications some of the preparatory treatment may 
be completely eliminated. The following examples are a few of those found in 
industry. 

1. When using strips or sheets with a highly polished surface that have to be 
joined by adhesives, a certain roughness is required if the adhesion is to be 
strong enough. The polished surface, which is often attained at a cost, is in this 
case a disadvantage. A correct specification may reduce the price of the material 
and save a roughing operation. 

2. A small shaft in a measuring instrument was ordered from a supplier. This 
component had to be nickel-plated before assembly, but it was found that prior 
to plating, it had to be surface-ground and then polished by barreling. The 
supplier had to grind the shaft prior to delivery and the surface finish of the 
component had to conform to the specifications he obtained. By restating these 
specifications, he could supply the shafts with a higher surface finish at a rela¬ 
tively small increase in costs, wffiile the second grinding operation with the extra 
setup that was involved, could be eliminated. 

3. In the manufacture of electronic instruments a 1-inch mild-steel strip was 
used to produce pressings. With a hole drilled at each end, one function of the 
pressings was to serve as a connection tag for several terminals. The soldering of 
the wires to the tag proved to be somewhat difficult, owing to the skin oxide, 
and many faulty connections were found during inspection. When a tinned strip 
was tried, it was found that the change in material specification had no effect on 
the press operation, while the rejects due to dry joints in soldering virtually 
disappeared. 

Xeic materials 

Xew materials become available for a variety of new uses every day. Synthetic 
resins, for instance, have in recent years, come into many uses which had been 
hitherto confined to metals and their alloys. Epophen epoxide resins are now even 
being used in making tools and jigs, so that in spite of the lower tensile and im¬ 
pact strengths and poorer hardness qualities of these materials (compared with 
steel), they have to be seriously considered for application in many cases, owing 
to the relatively short time required for production of the tools and jigs. Other 
advantages include the appreciable reduction of machining and thereby release 
of machine tool capacity in the tool shop and to the reduction of total production 
costs. 
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imen sional specifications 

Improper dimensional specifications of the materials often increase the 
aount of scrap appreciably. Some examples are as follows: 

1. For the manufacture of seamed tubes of 2-inch internal diameter, a plant 
;ed a strip 7-inches wide. First the strip was fed through a saw. trimming the 
idth to 6.3 inches, so that when the strip passed through the rollers that gave it 
e required cylindrical form, its internal diameter was 2 inches as required. The 
rarf, which amounted to about 10 per cent of the purchased material, consisted 
a very long, narrow strip that soon became untenable, owing to its volume. It 
as therefore necessary to use a small press, which was placed right beyond the 
w, in order to chop the emerging narrow strip into bits of about 1 inch, and in 
is form the swarf was convenient for disposal. A study of the dimensional 
►ecifications of the strip revealed that a special strip 6.3 inches vide could be 
dered. but since this dimension was not standardized, it would cost 6 per cent 
ore, even though this strip was narrower than the original 7-inch one. The 
ving of 10 per cent scrap, the sawing and chopping operations, the release of the 
w and the press, and the elimination of swarf handling, all these greatly out- 
dghed the extra cost of the new strip. 



sure 8-4. testing for presstcork for better utilization of materials .. Percentage 
jures indicate the saving effected by the netc arrangements^ (Keprmted wnh 

rmission from James F. Young, ^Material and Proc-€ssfs, John icy ' ne> -* 


2. The specification of metal strips for blanking in press-work is greatly 
fected by what is called “nesting” of the components on the strip. Figure S-4 
ows several examples of material saving by proper nesting and its effect on the 
;dth of the strip that should be purchased. 
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3. A common example is the use of bar stock of excessive diameter for turning 
operations. In Fig. 8-5 the component has a maximum diameter for 0.800 inch, 
and the use of 1 J-inch bar stock is very wasteful, first because of the large amount 
of swarf that has to be manufactured and secondly because of the machine time 
that is required to machine down the 1 J-inch diameter to 0.800-inch diameter. 
A more appropriate bar stock in this case would be | inch or even {f inch. 

Figure 8-5. Excessive swarf caused 
by selection of bar stock of too large 
a diameter . 


Material Utilization of a Product or Assembly 

The material utilization of a component has been defined as the ratio of the 
amount of material comprising the component to the amount of material that 
goes into the production process. This figure is easily found by the ratio of 

weights. 

Even in the case of a product or an assembly comprising several such com¬ 
ponents, this examination by weights ratio is applicable. However, though this 
figure gives a very general idea as to the level of utilization, it does not provide 
enough useful information for the purpose of value analysis because it does not 
show which components involve waste. For the same reason, a simple arithmetic 
average of the figures for material utilization of the components is generally 
meaningless: 20 per cent utilization for one component may be far less serious a 
matter than even 80 per cent utilization for another. A different approach 
therefore seems advisable: All components are reduced to a common denominator 
by weighing the utilization figures against the relative production cost of the 


components, 

as shown in 

the accompanying table. 


Component 

Xo. 

1 

•> 

Material 

Utilization 

«i 

x* 

Total Prod. 
Costs 

Ci 

C 2 

Relative 

Prod. Costs 

Cl = CJC 
c. 

Partial Utilization 
Figure 

w i c i 

u\c 2 

i 

w £ 

c t 

e, = GJC 


n 


C n 

c« 

w n c n 

Total (for the 
whole assembly) IF 

n 

C = 2C, 

i=i 

2c, = i 

% 

S rH 

II 


The equivalent utilization for the assembly is obtained by the product of the 
second and fourth columns for the assembly, namely, IF Ec 2 or IF • 1, but this 




Evaluation of Materials and Processes 181 

figure is also given by the summation of the partial utilization figures in column 
5; therefore 

n 

IF = /Vm,- (8-1) 

i=i 

The partial utilization figures represent the contribution of each component 
toward the total equivalent figure. The fourth column shows the maximum 
contribution that could be obtained if each component had a material utilization 
figure of 100 per cent. By comparing the last two columns it becomes a simple 
matter to determine which components should be analyzed first. Let us examine 
the application of this method by an example. 

Example 

An assembly consists of six components, having material utilization figures of 
BO, 52, 22, 20, 20, and 95 per cent. The production costs are $2.00, $1.10, $3.12, 
§0.52, $0.10, $0.04. The accompanying table gives the corresponding data. 


Component 

Material 

Prod. 

Relative 

Partial Utilization 

No. 

Utilization ( c ) 

Costs 

Prod. Costs 

Figure 

1 

0.80 

$2.00 

0.291 

0.233 

2 

0.52 

1.10 

0.160 

0.083 

3 

0.22 

3.12 

0.453 

0.100 

4 

0.20 

0.52 

0.076 

0.015 

5 

0.20 

0.10 

0.015 

0.003 

6 

0.95 

0.04 

0.006 

0.006 

Total 


$6.88 

1.001 

0.440 


The equivalent material utilization figure for the assembly is 44 per cent. It is 
evident from the table that improving the material utilization of the last three 
components will not contribute very much, whereas the first three contribute 
now about 42 per cent out of a potential figure of 90 per cent; the third com¬ 
ponent particularly should be studied for possible improvement (as it contri¬ 
butes now 10 per cent out of potential 45 per cent). 



Figure S-6. 1 Material utilization poly¬ 
gon for a product , an assembly or a 
shop . 
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This method is shown graphically in Fig. 8-6. The relative production cost 
^ is drawn at an angle p ± = arc cos w ± = 36.8° to the horizontal axis, then c 2 
at an angle p 2 = arc cos u\ = 58.7°, etc. The partial utilization figures accumu¬ 
late on the horizontal axis until 44 per cent is obtained for the whole assembly. 
In the polvgon constructed in this way, the longer the side and the larger the 
angle, the more worth while it is to study the material utilization of that com¬ 
ponent. 

Materials utilization of a shop or a process 

The same method can be employed to find the materials utilization of a shop 
or a process. Again, the over-all utilization established by the ratio of total 
material output to total material input, is often useful for obtaining an idea 
about the amount of scrap and swarf involved. The second method, however, 
gives an indication as to where action would be most effective. In this case, 
however, the number of components produced should also be taken into account, 
since the larger the batch, the greater is the contribution toward the total 
materials utilization. Hence the preceding computation table has to be modified 
as follows: 


Component 

Prod. 

Material 

Total Prod. 

Relative 

Partial 

Xo. 

Volume 

Utilize- 

Costs 

Prod. 

Utilization 


\ units per 
unit time) 

lion 

per unit 

per batch 

Costs 

Figure 

1 

Qi 


Cl 

QiCi 

Cl = QiCJC 


2 


ir 2 

c 2 

QiC. 

c 2 

w 2 c 2 

s 

0, 

U'j 

C. 

Qfii 

Ci = QiCJC 

WPi 

n 

Qn 

U'n 

C n 

QnC n 

C n 

w n c n 


Total ifor the 
whole shop) 

W 

c = 

2 -* 



i=i 

i=l 


n 

n 


Thus 

IF = 

1=1 

°i=1 

(8-2) 


C represents the total turnover of the shop in the period of time taken for the 
study (a ^eek. a month, etc.). From the partial utilization figures (or from the 
material utilization polygon) the components that require further study may be 

selected. 

It has been assumed in this method that the proportion of materials costs to 
the total production costs is about the same for all components in the shop, and 
for many studies this assumption is adequate. When, however, the material 





Evaluation of Materials and Processes 183 


s content varies widely from one component to another, this factor has to 
aken into account. The materials content factor is defined as 


cost of material 
total prod, costs 


(of the ith component) 


the partial utilization figure is w? 4 -c,-/? is compared with which is the 
imum that can be achieved with 100 per cent materials utilization. The 
■-all figure is 



(8-3) 


Selection of Processes 

he purpose of production processes is to attain one of the following objectives: 

To shape the material as nearly as possible to the final desired form and dimen¬ 
sions, in order to save materials, machine time, and labor 

To join components into assemblies that possess the required functional 
qualities 

To improve the properties of the material, for instance by heat treatment or 
by addition of other materials to form alloys, coatings, etc. 

ysis of processes 

; in the case of materials, the selection of production processes should be 
arily determined by technological considerations, in order to ensure the 
rvement of these objectives. It is not intended to describe here the various 
uction processes in use and to relate the advantages of each; this would 
ire too much space and therefore the reader is advised to study some of the 
; mentioned in the references. Assuming that the reader is familiar with the 
-Ct, the following exposition will mainly dwell on the problem of selection 
een different processes, all of which may be equally acceptable from the 
lological analysis aspect. Obviously, if only one process is capable of pro- 
ig the required characteristics, management decision is confined to the 
bion: Should the component be produced in the plant or bought from sup- 
si The final decision will mainly rest on the comparative costs of self- 
action versus procurement. Usually, however, the component can be made 
Lethods A, B , C, etc., some of which may be at the plant’s disposal, while 
■s may either involve subcontracts or new installations at the plant. It is 
fore necessary to decide: 

What additional functional qualities result from the processes in question, 

; from the minimum requirements set in the specifications, and how much 
iey cost? 

How do the processes compare in costs at various production ranges 
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(following, for example, the method illustrated in Fig. 8-7), and what is their 
rating X This is useful when processes have to be re-evaluated because of chang¬ 
ing conditions, when the best process cannot be exploited, owing to overloading 
in the plant or reluctance of management to subcontract certain components. 


Figure 8-7. Initial evaluation of three 
processes . 

3. Under what conditions is it advisable to increase the capacity of a given 
production center by acquisitions of additional equipment, while machines 
operating on an "inferior" process (as determined by the above rating) remain 
idle or have to be scrapped? 

Evidently the value analysis of production processes is very helpful, but the 
process defined as ""best'* is essentially "best" under idealized conditions. In the 
final analysis ail the operational factors pertaining to the circumstances pre¬ 
vailing in the plant have to be taken into account. Availability of machine time, 
shop loading, and fluctuations in the production schedule, expansion possibilities, 
subcontractors' offers and competence, subcontracting policy—these are some 
of the factors that have to be carefully weighed, and it may -well be that what 
is best for one plant is not best for another. 

Apart from new processes and new materials, which may revolutionize the 
production or initiate an entirely new approach to production problems, one 
factor that greatly affects the selection of methods (and sometimes materials) is 
the quantity to be produced. The effect of quantity on the economic analysis of 
production was already discussed in Chapter 5. Suppose that in the first analysis 
three processes (1, 2, 3) are considered suitable from the product characteristic 
point of view, and the break-even chart is represented by Fig. 8-7. The fixed 
costs are given by c l3 c 2 , c 3 . respectively, but the variable production costs 
decrease as the fixed costs increase, say, owing to increased rate of production. 
Assuming that- all three processes are available and questions of capacity do not 
affect the analysis at this stage, the following simple rule is adopted: 

When Q < Q ±_ 2 use process 1 (Q being the quantity to be produced) 
For Q t _ 2 < Q < Q 2 _ 3 use process 2 
For Q 2 _ 3 < Q use process 3 

For the special cases Q — or Q = Q 2 - 3 - the decision will rest on what is pre¬ 
dicted for future development. If now Q = but there are indications that 
quantities will probably increase in the future, process 2 is adopted, etc. 
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Suppose the quantity to be produced is between and $ 2 __ 3 and that process 2 
has been selected. The market has now been expanded slightly beyond and 
according to the initial analysis of Fig. 8-7, process 3 becomes more economical. 
The question of changeover must also take into account any capital expenditure 
involved in such a step, and this is done on the lines discussed in Chapter 5 for 
changes in models or designs. 

An additional factor that has to be considered is the effect of experience and 
learning. During the period of exploiting process 2, better methods may have 
been developed and operators may have become more skilled in their job, leading 
to a situation as shown in Fig. 8-8, where 2 is the initial evaluation of process 2 
and 2 is its present evaluation. The break-even point is transferred to 
so that even when a larger production volume is required, it may well be that 
process 2 is still good enough. Similarly, situations may arise where re-evaluation 
reveals that the existing process has ceased to be the best one and should give 
way to another. The effect of the learning curve and a step-wise fixed costs 
function on the total costs is further discussed in Chapter 20. 



Figure 8-S. Re-evaluation of process 
2 in relation to process 3. 


Numerous case studies have been carried out, in which the main theme is the 
evaluation and comparison of processes on the lines described above. Perhaps a 
few examples will be useful. 

Examples 

1. The use of cold heading has often been proved to be more economical than 
nachixiing when the quantities to be produced are big enough. Two factors 
contribute to the superiority of this process: saving in material and high rates of 
production. Figure 8-9 describes three case studies in cold heading versus 
na chining. 

2. Accurate casting methods are often used to cut down machining, or even 
:o eliminate it altogether. Complex components can be made to close dimensional 
oleranees with a high-grade surface finish, so that in many cases accurate easi¬ 
ng can economically replace sand casting or other production processes. In 
lig. 8—10 three instances are cited to illustrate the use of gravity die casting and 
hell molding instead of sand casting, and investment casting instead of complex 
nilling operations. Some typical parts produced by investment casting are 
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9/h 

"l6 

(c) 


Figure 8-9. Case studies in cold head¬ 
ing versus machining . 

(“Material Utilization in the Metalworking 
Industries”, Institution of Production 
Engineers, London, 1955) 

( a ) The screw was originally turned from 
hexagon steel bar, the material utilization 
being 33 per cent. Cold heading increased 
material utilization to 84 per cent and 
reduced costs by 53 per cent. 

(b) When producing the illustrated motor 
engine connecting rod by cold heading and 
thread rolling instead of using conventional 
methods, a saving of 63^ per cent was 
effected. 

(c) The screw was originally machined on 
a single spindle auto. When changed to cold 
heading, a saving of about 3,500 pounds of 
steel resulted for half a million screws. 
Material utilization in the first method: 
23*4 per cent; in the new method: virtually 
100 per cent. 



(e] Investment Costing 


Sand casting 



(b) Shell Moulding 


Figure S-llL Examples for the use of accurate casting methods. 

i Material X. tilization in the Metalworking Industries ’ ’, Institution of Production Engineers, 

London, 1955) 


, ; ' ,a ' ^ carbon packing easing for a bearing for a turbine, originally made as a sand casting 
in gunmetal, was later produced by gravity die-casting in manganese bronze, resulting in 

Mi per cent saving in production costs. 


kL* "n° produce components of this kind in sand casting, a comparatively thick wall has 
to be anowed.for, and the thin section can later be achieved by machining In shell molding 
the. cast component requires 65 per cent less material, which is in itself a substantial 

saving, let alone the saving in machining costs. 

11113 §* awl for &n addil3 £ machine had been produced by machining (including milling, 
dnliing..and reaming operations). When investment casting was selected instead, the total 

production costs came to one-third of the original method. 
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shown in Fig. 8—11. When large quantities are involved, pressure die casting 
with permanent molds becomes an economical proposition. With a very small 
rate of scrap, high dimensional accuracy, and high rate of production, pressure 
die casting can be used to make very complicated shapes (Fig. 8-11). 



Figure 8-11. Parts produced by accurate casting methods. 

(Reprinted with permission of United Carbide International Co.) 


Figure S-12. .4n example of the use of 
poicder metallurgy. The illustrated 
part teas first produced by milling a 
solid piece of steel. Milling is a 
lengthy operation , and by changing 
the process to poicder metallurgy, a 
saving of 74 per cent in production 
costs teas obtained. Material Utiliza¬ 
tion in the Metalworking- Industries", 
Institute of Production Engineers, London, 
1955) 

3. The powder metallurgy process may effectively replace casting and maehin- 
mg processes. Figure 8-12 describes a case where the use of powder metallurgy 
"educed costs by about 74 per cent. Some typical parts produced by powder 
metallurgy are shown in Fig. 8-13. Apart from its economic advantages, com¬ 
ponents produced by powder metallurgy may be self-lubricating (owing to the 
porous structure of the material), a feature that lends the process superior func- 
ional advantages in the case of bush bearings, etc. 

4. A thick metal washer, §-inch OD, as illustrated in Fig. 8-14. may be 
>roduced in two ways: 

(i) Machining in a lathe, using 4-inch diameter bar stock, in two operations: 
Lole drilling, parting off. This method is time consuming, even when a multiple 
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Figure S—13. .4 group of typical parts produced by the pon der metal¬ 
lurgy process . iCourtesy Amplex Division. Chrysler Corporation) 


+ 2 -" 

16 

The washer 


Use of metal strips 
for blanking 


Figure S-I4. 

Blanking a thick icasher. 


parting-off tool is used, and the amount of swarf (assuming a tool width oi 

A tneh. not counting the hole) is 

A 

-3- ^ - 3 100=33% 

32 ~ 16 
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fii) Blanking by press, where the material wastage is roughly (assuming a 
rip J inch wide is used, and not counting the hole) 

(O.o) 2 - J(0.5 2 tt) 


0.5‘ 2 


100 = 21.5% 


ais figure can be reduced, since more washers can be blanked from a wider strip. 
5. Press work is a very efficient production process when large quantities of a 
mponent are required. Very often, several press operations are needed, and a 
ansfer press for multistage operations may economically replace a battery of 
•esses in the shop (Fig. 8-15). Some case studies on transfer presses suggest 
at they become worth while even when they are not fully utilized, owing to 
ving effected in floor space and materials handling. 



Figure S-16. Use of rubber dies versus 
steel dies in press icork. 


Ram 


Figure $-17. Bulging iciih 
a rubber die . 

6. Press work in small quantities may be very effective with the use of rubber 
es. The rubber die has a life of 10,000 to 20,000 operations, so that when 
rger batches are involved, the dies have to be replaced. The rate of production 
rubber dies is relatively low, and therefore this method cannot hope to 
mpete with conventional steel dies (Fig. 8-16) in producing large quantities, 
lere are, however, some applications for which rubber dies are ideally suitable; 
“ instance, for bulging, as shown in Fig. 8-17. 
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7. Punching in sheet metal working has been found to be more economical 
than drilling, even when several drilling operations are performed simultaneously 
on a multispindle machine. In some cases the drilling has to be carried out after 
pressing of sheet metal, and this may involve lengthy setting-up operations. 
The use of piercing units (incorporating a punch and a lower die block), for the 
pressing shown in Pig. 8-18, allows all the holes to be punched simultaneously 
by operating all the piercing units in one ram travel. The units can be standar¬ 
dized for various operations and their location can be facilitated by V-slots. In 
this way costly dies or lengthy drilling operations can be saved. 

8. The spinning operation may become an excellent substitute for press work. 
Though it requires a highly skilled operator (whereas in press work semiskilled 



figure 8—18. Use of vertical and horizontal units as a substitute for drilling . Units 
e re located in the appropriate positions and the holes are pierced in one travel 
>/ the ram. (“The British Pressed Metal IndustryAnglo-American Council on 
Productivity, 1953) 
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rkers may often be adequate) and the operation is distinctly slower, spinning 
olves low-cost dies, and it may therefore become more economical when 
all batches are required. The cost-function comparison is somewhat similar 
the case in Fig. 8-17. Spinning becomes particularly advantageous when it 
>laees multistage deep-drawing operations which require several sets of tools 
when frequent changes in design are desirable. To change press steel tools for 
lew design is a very costly affair, while in wooden dies for spinning the 
posite is the case. For example, an aluminium lighting reflector (Fig, 8-19) 
ving a large diameter would require a fairly large press, which would be 
isiderably more costly than a spinning lathe with its comparatively cheap 
)ls. If the quantity to be produced does not exceed several thousand pieces, 
inning may be far cheaper. 



Figure 8-19. Spinning a metal reflector. 

(Courtesy Spincraft, Inc., Milwaukee) 

(1) A cross-sectional view of small spinning lathe 
with maple pattern (called block) attached to spindle. 

(2) Aluminium blank clamped against block, both 
revolve at speed of 2.600 RPM and operator prepares 
to spin. 

(3) Pressure of tool against revolving metal causes 
it to assume shape of block. 

(4) Operator prepares outer edge for trimming. 


9. The use of welding for construction work is becoming widespread, and 
Iding is rapidly replacing other joining methods (riveting and bolting) and 
sting, the preference of welding to other joining processes being mainly 
sed on a cost analysis. Compared with casting, the welded construction has 
me outstanding advantages: 

(i) It uses far less material, which in many cases constitute a substantial 
m in total costs. 




Evaluation of Materials and Processes 193 


(ii) It need not be assembled in the plant. The parts can be transported to 
the site where the final construction has to be erected, and assembled there. 
This may appreciably reduce transportation costs (which are high for bulky 
and awkward constructions) and free space at the plant. 

(iii) It is lighter and therefore easier to handle. 

Two examples, where welding was substituted for casting, are shown in Fig. 
8-20. Apart from a spectacular reduction in the weight of the structures, the 
costs in each case were reduced by about 30 per cent. 




(b) 



Welded angle iron 
weight 11 lb. 


Figure 8-20. Welding replacing easting . 

(“Material Utilization in the Metalworking Industries”, Institu¬ 
tion of Production Engineers, London, 1955} 

(a) A common machine bedplate. Use of welding saved approxi¬ 
mately fifty pounds in weight and 32.5 per cent in production 
costs, compared with casting. 

(b) A bench leg commonly used in engineering plants. Change 
from casting to welding reduced weight from 24 to 11 pounds and 
reduced eosts by 30 per cent. 
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10. An interesting example for combining operations is shown in Fig. 8—21, 
where turning and grinding were substituted by machining on a shaving machine. 
Changes of this kind may be worth while even when the suggested operation is 
slower than those being used currently, as in many cases the saving of handling, 
loading, and unloading between operations is very substantial. 



Figure 8-21. Production of rotors for F.H.P. motors . 
Former method: turning and grinding; neic method: 
rotary machining on a shaving machine: saving: ten 
minutes per rotor. (Courtesy Brown, Boveri & Co., Ltd, 
Switzerland) 


Design for Production 

The exploration and evaluation of various alternatives in the selection of 
materials and processes should have an effect on the design of the product, as 
already illustrated in Fig. 8-1. This is a vital feedback: The experience gained 
during the manufacturing period of the product should be closely scrutinized 
with the view of introducing modifications into the design to make it easier and 
cheaper to produce. The examples enumerated above illustrated how such goals 
may be achieved through reduction of scrap and by employing a cheaper 
production method; some of them indicated the need for design modifications 
for that purpose. 
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Scope of modifications 

Design modifications may be required to effect solution of production prob¬ 
lems. Among these are the following : 

(i) Modifications in the design of the component, to facilitate the use of 
higher production rates, better methods or materials; easier handling, loading, 



The Shaff Produced by Turning a Dia. Stock Bar 



Alternative (i): Locate Split Ring in Groove 



Alternative (ii): Use Circlips 


fBraze or solder 



Alternative (ill): Braze or Solder Rings to Shaft 


^ Screw 



Alternative (iv): Screw 

Figure 8-22. The production of a shouldered shaft . 

and positioning in the machine; quicker unloading; easier inspection to enable 
detection of faults at various stages of the production; easier and quicker 
machine setting, etc. Naturally, such modifications have to be checked from the 
consumer’s point of view, to ascertain that the functional qualities of the product 
are thereby not impaired. 
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(ii) Combination of several components into one, in order to reduce or 
liminate processing operations of individual components and the need of 
aatehing and assembly operations. 

(Hi) Division of a component into several parts, especially when the 
lomponent involves excessive machining operations, lengthy positioning, or 
jomplicated inspection. 

Several examples follow to illustrate modifications in design on these lines. 
Examples 

1. A shaft 1 inch in diameter is to be produced, having shoulders of H-inch 
,nd XJ-ineh diameter, respectively, as shown in Fig. 8-22. The original method 
onsisted of turning down steel bars of li-inch diameter. The scrap amounted to 





$8® & yrnm 


Figure S-23. Modifying a design. Pro- 
gressivedesign modifications to reduce 
production costs of spring end plug 
in voltage regulator (a transformer 
component). (“Design for Production’', 
Anglo-American Council for Productivity, 
1953) 


lightly above 50 per cent of the stock bar, and the mach inin g co ns umed a 
onsiderabie amount of lathe time. The following alternative methods were 
onsidered: 

(i) Use 1-inch bar as raw material, cut shallow grooves in position of the 
boulders, and insert split rings that can be slid across a 1-inch shaft and sprung 
ack to locate in the grooves. Only 5 per cent of the material has to be machined 
i this method. 
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(ii) Use 1-inch bar and position the rings by circlips, with or without the 
rooves mentioned in the preceding method. 

(iii) Eliminate the turning operation and join the rings to the 1-inch bar by 
razing qr soldering. 

(iv) Screw the shoulders to the shaft. 



) Bearing bracket 0 Bearing bracket 
D Bottom journal 0 Bottom journal clamp 
clamp (casting) (two pressings) 

D Screw (three) CD Screw (three) 

) Top journal clamp (casting) 


(a) 


s: 


Retainer 


EF" 


Roller 

Pin 

Link 


Pin 





Hole drilled 
through 


r® Section through X-X 


0 Housing 
•CD Shaft 
0 Wheel 
0 Spring dip 


OLD 


NEW 


Pin welded to link 1. Pin - slip fit into fink 

Roller slip fit over pin and staked 

Retainer pressed over pin. 

Close tolerance on retainer 
position 



OLD 

Oears placed in assembly 
with burr sides opposite 

Operator must feel gears 
to find burr side 


NEW 

1. Gears placed in assembly 
with burr sides opposite 

Operator determines burr 
side visually 


NEW DESIGN 

lb) 



Two parts omitted 

1. Steel sleeve 

2. Small u O" ring 


(d) ^ ^ (c) 

jure 8-24. Examples of design modifications: 

'&) Bearing bracket journal clamp | { J. Rawicz-Szczerbo, “ \ alne Analysis . «T. Institution 

b) Wheel mounting of a vacuum f of Production Engineers, 195Si 

c) Valve assembly \ (Courtesy Process Department, General Motors Corporation. 

d) Fan assembly j Detroit) 
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All four methods have one feature in common: They strive to reduce or elimi- 
te scrap and machining time by introducing an operation for locating rings 
the shaft. The simplest and cheapest alternative is the use of circlips without 
)oves on the shafts, and in the case study referred to, this method proved to 
satisfactory. Had the shoulders been subjected to side thrust, brazing or 
dering would have been preferable. The fourth alternative is generally more 
siiy than the third, since the shafts have to be drilled and tapped. This example 
>ws how the change in production process may require a change in design, 
ieh sometimes involves a change in the number of components in the assembly, 
this case a one-piece shaft is replaced by a shaft plus two rings, not counting 
> circlips that are required by the second alternative. 

L The spring end plug of a voltage regulator, shown in Fig. 8-23, was re¬ 
signed several times. Finally a cold pressing was substituted for a component 
ned from a bar. resulting in a substantial reduction of production costs. The 
ermediate design stages are typical of the process analysis that is often 
ned out in eases of this kind. In spite of the comparatively low annual con- 
aption of this part, a saving of 87,500 a year was achieved. 

L A ball-bearing bracket for a ceiling fan (Fig. 8-24) was originally designed 
:ake two clamps, between which the bearing was held. In the new design the 
eket and one clamp are combined so that the operations of machining this 
up and screwing it on the bracket are eliminated, and the total costs are 
reby reduced. 

. A wheel mounting of a vacuum cleaner was first designed as shown in 
. 8-24. The bakelite wheels assembled on plain shafts were separated from 
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Figure $-23. Design modification of a rotor segment It is 
not ahrags imperative to adhere to the concentriTeirdes 

convention in design. (Courtesy of Hoover, Ltd, England) 
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the “pedestals 55 , in which the shafts were located, by spacers. In the modified 
design the number of components was reduced from nine to four and positioning 
of the shaft was facilitated by a wire spring clip. 

o. A segment of rotor balance weights is shown in Fig. 8-25. It was first 
designed in the form of concentric circles, a conventional method of design. In 
the new design the arcs were no longer parts of concentric circles, and the 
material utilization increased from 58 to 92 per cent. The disposal of swarf was 
also greatly simplified. 

6. The hinge bolt shown in Fig. 8-26 was originally turned from a mild steel 
bar having a square cross-section. By changing the design to two separate parts 
(a head and a shank) joined by copper brazing, 46 per cent saving in material 
and 55 per cent in total costs were effected. Provision had to be made for venting 
the air in the hole during the brazing operation, but the saving in labor and 
machine time was still very marked, as indicated by the reduction in total costs. 

Figure 8-26. Dividing a component, 
(a) A hinge bolt. Originally turned 
from square mild steel bar: the 
method teas changed to make the head 
and shank separately and join them by 
copper brazing. It should be noted 
that, when brazing in a blind hole, 
means must be provided for venting it, 
otherwise the components trill be 
separated by the expansion of the 
entrapped air. (b) ,4 guide bush. 
Originally turned from solid bar 2f in. 
diameter; the method teas changed to 
an assembly of head and body joined 
by copper brazing. 

(In both examples the cost of pro- 
duction was halved when the revised: 
methods icere adopted.) 

7. The ratchet wheel in Fig. 8-27 was originally produced from a solid bar. 
By adopting a copper brazing assembly the material utilization was improved 
from 15 to 54 per cent. The shoulder cam illustrated in the figure is a similar 
example. 

Figure 8—27. Dividing a component. 

(a) _4 racket wheel; originally pro¬ 
duced from solid bar, the method teas 
changed to a copper brazed assembly. 

(b) -4 shoulder cam; now produced by 
assembling the shoulder portion into 
the disc and copper brazing, the part 
is hardened on the periphery only. By 
this method only 36 in. as much ma¬ 
terial is required as is needed to make 
it from the solid. The shoulder por¬ 
tion is an easy fit in the disc and is retained in position during brazing by 
four center punchings on the opposite side from that shown. 
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8. Figure 8-28 shows a generator shaft produced by forging; but tvhen 
eliveries were delayed, other alternative processes were explored. By changing 
le method so that a steel casting was shrank on the end of the shaft made of 
;ock bar, a spectacular saving in total costs could be achieved. It is interesting 
> note that in this example the labor cost was reduced by 23 per cent, but due to 
re high cost of forging, which in the new method was eliminated, the cost of the 
ssembly was reduced to a quarter of the original cost. 

9. The selector for an automobile gear box, shown in Fig. 8—28, is a typical 
cample of a complex shape that poses tricky chucking problems and involves 
mgthy machining operations, when these are required. The original method 



(a) 



Figure S-28. Dividing a component, (a) A 
generator shaft: originally produced as a 
forging: due to the difficulty and delay in ob¬ 
taining forgings, the method teas changed 
to making from stock bar plus a steel cast¬ 
ing shrunk on to the end. (b) A selector for 
gear box: formerly produced as a forging 
and has note been changed to a fabrication 
from a pressing and a shaft icelded to¬ 
gether. Apart from the saving in material, 
the production is very much easier as the 
forging teas very aickieard to hold for 
turning. The revised method shotced a 
saving in material cost of 55 per cent and a 
labor cost of 35 per cent. 


onsisted of forging in one piece and subsequent turning of the shaft. The new 
.esign included two parts: the shaft, turned and ground from stock bar; and a 
pressing, the two being welded to a final assembly. Saving of 55 per cent in 
aaierials cost and 35 per cent in labor cost were obtained. 

10. The bearing sleeves shown in Fig. 8-29 were first made from brass tubing 
rith bushes fitted in the ends. In the modified design, not only were the tube and 
wo bushings combined to eliminate assembly work but also the rolling operation 


Figure 8-29. Modified design of bearing 
sleeves. (Figures 8-26, 8-27, 8-28, and 8-29 
are reproduced from ‘‘Material Utilization in 
the Metalworking Industries”, Institution of 
Production Engineers, London, 1955) 


□ 

Original Method 


r 


Revised Method 
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to form the internal diameter required at the end was carried out simultaneously 
with cutting-off in an auto screw machine. 

11. The guide bush in Tig. 8—26, made of monel metal, was originally 
machined from a solid bar. Again, splitting into two components and joining by 
copper brazing proved to be effective. The machining time was not greatly 
reduced here (from 82 minutes to 80 minutes), but the saving in material 
(utilization increased to 46 per cent from 16 per cent!) led to a cost reduction 
of 45 per cent. 


Summary 

Design, like any other planning activity, should have as one of its goals cheap 
and easy production, within the framework of the specified functional qualities 
and other characteristics that the product is supposed to possess. Xaturally this 
implies that designers should have a knowledge and appreciation of production 
materials, processes, and methods; otherwise, without being acquainted with 
recent developments in this field, the designer will be unable to make an 
objective and realistic evaluation of the available alternatives. A value analysis 
helps to clarify the essential features of operations, materials qualities and com¬ 
ponents, and to select the best and cheapest to satisfy given value levels. 
Surveys in industry indicate that material utilization is usually fairly low and 
that substantial saving can be realized by careful selection of materials and 
processes. 
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Problems 

L. Does the maxim “design for production” impose any limitations on the product 
development and design departments? 

1. Give two examples, one to illustrate design for functional ends and one to show 
how production considerations were the prime factors in the designer's mind. 
Can these two objectives be at variance with each other? Illustrate your point 
by an example. 

In the ten tests for value analysis, distinguish between those that are primarily 
concerned with selection of materials and those concerned with production 
processes. Give examples to show in what order you would prefer these tests 
to be applied. 
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ilysis of a product shows the following figures: 


Main Process 

Weight of 

Weight of 

Production 

Used 

Finished 

Costs 


Materials 

Fart 



(lb.) 

(lb.) 

($) 

Casting and machining 

2.20 

1.60 

8.08 

Casting and machining 

1.50 

1.05 

6.21 

Casting and machining 

0.75 

0.42 

2.25 

Casting and machining 

0.60 

0.40 

2.05 

Press work 

0.12 

0.09 

0.32 

Press work 

0.08 

0.07 

0.30 

Machining 

0.50 

0.38 

2.00 

Machining 

0.25 

0.18 

0.60 

Machining 

0.20 

0.18 

0.31 

Standard parts, bought out 



0.48 

Total 



22.60 


(i) Find the product material utilization figure (for bought-out parts 

asuine 100 per cent utilization) 

iill Select the three parts that should be studied for material utilization and 
assume that it can be increased by 10 per cent. If the production costs 
per pound of raw material remains unchanged, by how much would the 
material utilization be improved for the product? 

/ ill ) Draw the materials utilization polygon before and after the improvement. 

:e a product or an assembly of four to six parts and find the materials utiliza- 
ion for the whole product. Point out the part that should be investigated first 
nd suggest a new method to produce it. What effect does your suggestion have 
n the materials utilization of the whole product? 

npare the total production time for manufacturing the washer illustrated in 
'!g. 8-14. Consult a mechanical engineering handbook and press catalogs and 
elect appropriate cutting and blanking speeds for mild steel and aluminium 
Hoy; assume that in the machining operation, a multiple parting-off tool may 
•e employed (to part off, say, four washers in succession per one traverse 
movement of the cross-slide). Also compare the materials utilization when 
methods tia) and (iii) in Fig. 8—22 are used. 

?et a machine tool shop that produces up to 20 different parts in one week and 
nd the equivalent materials utilization factor for the shop. 

?ct a part that can be produced by (i) sand casting with subsequent machining; 
ii) die easting; (iii) machining from the solid. Make a cost analysis and specify 
dt what production volumes these processes are suitable. 

Binarize the advantages and disadvantages of the follow in g processes: shell 
Qolding, investment casting, casting with plaster of Paris, powder metallurgy, 
rgon&ut welding, spinning, barreling, shot peening. 
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Production planning activities (as suggested by Fig. 1-1 and Fig. 3-1) finally 
culminate in the issue of the production order. Treatises on production planning 
and control usually carry elaborate descriptions of forms and sheets that are 
supposed to constitute the paper-work system associated with production 
orders, tedious and complicated though it may be. These descriptions are useful, 
but forms by themselves do not make a system. They are just an expression of 
the principles of a system, a tool to help in its implementation. In Chapter 2 we 
discussed some aspects of the types of production, sizes of plant and types of 
industry, and evidently these have a serious bearing on the system that is 
eventually selected or developed as the most appropriate for the occasion. This 
is why such systems can rarely be copied and transferred from one plant to 
another, without some modifications to satisfy specific requirements. With this 
qualification in mind, we may proceed now to examine some of the more common 
features that make up such systems. The purpose of a production order is: 

To pass information to everyone concerned with the product and its specifica¬ 
tions, the required output, the intended date of delivery, and the proposed 
outlined timetable of activities associated with its production 

To authorize the various departments to take appropriate actions at predeter¬ 
mined times 

To start the control system working 

To provide basic data for evaluation of performance when production is com¬ 
pleted (schedule-wise, quality-wise and cost-wise) 

The actual release of the production order and the activities that follow are 
production control functions (see Chapter 15). The procedure leading to the 
formulation of the production order may be summarized as follows: 

1. Obtain all specifications (drawings, materials, quality required, annual 
quantity required) 

2. Outline possible alternative methods of production and make a first 
estimate as to which is the best one to select (bearing in mind the existing 
available plant facilities) 

3. Determine the sequence of operations (using process charts) and plan each 
in detail, including the use of production and handling aids 


203 



)4 Production Planning and Control 

4. Work out the operation times required 

5. Summarize these data on an operation sheet for each part 

6. Work out a production master program and a production program for 
each component 

7. Prepare a route card or a combined operation and route sheet (in which 
assignments of work to departments or individual machines are made) 

8. Cheek on the availability of machine time and prepare a production 
schedule 

9. Prepare machine loading charts to show how the work will be distributed 
ID. Prepare the job card, materials requisition card, tools and drawing 

requisition cards, inspection cards, and all the remainder of the para¬ 
phernalia that make up the production order 

Let us now examine some of the tools that are often employed in this planning 
rocedure. 


Continuous Mixing & Freezing 
Milk Fat 



Minor 
ingredients 


Automatic measuring 
Mixing vat 

I 

Tank 

T7=N~ ~'~T60-~F~ 


Heat 

exchange! 


j Hearer < j- —-j 
Cooler-; 


-j Homogentzerj j 




l75 5 F SJj 1 - S.T. 



Figure 9-1. Diagram of an ice-cream process. .4 schematic 
process outline , showing hoic different products are made 
from the same ingredients . (From “Quality Control in the Food 
Industry' by J. BL Bushill, J. Institution of Production Engineers, 
1959) 
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Schematic Process Outlines, Process and Activity Charts 
The purpose of all these charts is to represent in a graphical form the sequence 
of operations and allied activities that take place, in order to provide a useful 
basis for detailed production planning or for analysis and revision of methods 
employed hitherto. Let us briefly describe three types of charts commonly used. 

Schematic process outlines 

There are two types of process outlines. The first shows how different products 
are made from the same ingredients, indicating the conditions required at the 
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(b) Diagram of Choc Roll Process 

Figure 0-2. "Tiro examples of schematic process outlines. 

(From “Quality Control in the Food Industry ”, by J. H. Bushill, 
J. Institution of Production Engineers., 1959) 
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fcermediate processing stages. Figure 9-1 is an example of tills type of process 
Ltline for the manufacture of various ice-cream products. The second type 
ows the processing sequence, with special reference to flow from one machine 
piece of equipment to another. These diagrams are very useful in preliminary 
yout analyses in processing industries. Two examples are shown in Fig. 9-2, 
Ting schematic process outlines for the manufacture of two popular brands of 
,ke. 


•ocess charts 

ASME Standard No. 101 distinguishes between two types of process charts: 

1. Operation process charts , which constitute a general outline showing the 
principal operations and inspections, as well as the points at which 
materials enter the process. 

2. Flow process charts, which present a more detailed picture, describing the 
activities associated with materials, men, or machines, and which record 
the sequence of operations, transportations, inspections, delays, and 
storages that occur. 


Even more detailed process charts have been designed, such as two-handed 
rocess charts (to compare the activity of two hands of an operator) or simo 
larts (to describe the motions of an operator’s hands, fingers, or legs, if they are 
•levant to his performance). These charts, which were originally designed for 
me study, may also be used as instruction supplements to job cards, while the 
Deration and flow process charts may be considered necessary tools at the very 
rst stages of production planning. 

The symbols adopted by ASME, which are now in common use in process 
larts, are as follows: 


O 

> 

□ 

D 

A 

□ 


Operation , to describe an action that transforms the material in shape or 
in other properties (physical or chemical), including assembly work 
or activities connected with preparing the material for a subsequent 
operation or for transportation. 

Transportation, to describe the movement of an object from one location 
to another. 

Inspection, to describe an activity which is concerned with checking 
whether the object conforms with predetermined specifications. 

Delay, to indicate that an object is held up and c ann ot immediately 
proceed to the next- operation. 

Storage . to indicate that an object Is deliberately kept at a certain place. 

Combined activity, to show that several actions are carried out simul¬ 
taneously. A square and a circle signify that an operation and an 
inspection are combined. 
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Figures 9-3 and 9-4 show examples of process charts. Figure 9-3 gives an 
outline for the manufacture and assembly of a rocker for a valve mechanism. In 
addition to the sequence of operations specified for each part, Fig. 9-3 shows at 


dec 

xjj 


Forged steel rocker 1 

Phosphor bronze bush 4 


__« 



Steel tappet 5 


Locknut 2 
Adjusting screw 3 


Figure 9-3. example for an outline 

process chart for the production of 
a rocker arm. (From “Work Study", 
British Institute of Management, 1955} 
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crnugrr rHAPTFD RELIEF VALVE BODY _ 

DRAWING NO- A 520612 _PART NO. _ 

CHART BEGINS Barstock Storage _ 

CHART ENDS Assembly Department Storeroom 


OPERATION 
[ j INSPECTION 


c> TRANSPORTATION 

| ) DELAY 


_ CHART NO_ !Q2J- _ 

_ CHART TYPE_ 

_ CHARTED BY. _ 

_ DATE 3-3 z 4 3 _ 

SHEET NO_L_OF_X_SHEETS 

COST UNIT L VaJYe Body 

V STORAGE 


DIST. 

IN 

FEET 

UNIT 
TIME IN 

_Mga.rs_ 

CHART 

SYM¬ 

BOLS 

PROCESS DESCRIPTION OF.. PCJ?.22?S.f!—. .. METHOD 

1 

V 

3fared In bar stock storage unfit requisioned 



Col 

Bars haded on truck upon receipt of requisition from machine shop C2toen) 

210 

— 

.mm 


Moved to * 301 machine 

10 

— 

.cm 

m 

Bars unloaded to bar stock rack near & 301 machine 

- !- 

j 4.000 


Delayed waiting for operation to begin 

8 

E E 


Drill, bore, fop , seat. ; file, and cat off 


2,000 

m 

Delayed awaiting drift press operator 



m 

Moved to drift press by operator 

8 

.0250 

Col 

Driif 8 holes 



B>1 

Delayed awaiting more man 

300 

.00 tl 

El 

Moved to burring department 

u 


Col 

Delayed awaiting burring operation 

6 

.oms 

Col 

Burr 


2-ODD 

[ 5 ) 

Delayed awaiting moreman 

§80 

,0005 

_ 

E> 

Moved to seat tapping machine in detail deportment 

\6.0D0 

A 

Delayed awaiting operator 

6 

. mm 

§ 

Lap, seat, test, and inspect 

\z.oco 

© 

Delayed awaiting moveman 

400 

.0004 

— 

□> 

Moved fa paint booth 

\ 6.DDD 

E) 

Delayed awaiting painter 

IS 

,0380 

© 

Mask f prime, point\ dry, unmask, and pack in box 

42S i 

X 

Sent by conveyor to assembly department storeroom 

j 60.00 , 

w 
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Figure i»-4. An example for a floir process chart. (Extracted from “ 
r jow Process Charts . AS5IE Standard 101. with permission of the publisher, 
>oeieiy of Mechanical Engineers) 
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what stage these parts are assembled. No time or location is indicated in this 
example, but this information can naturally be added whenever necessary. 
Figure 9-4 is an example for a flow process chart that includes details about 
distances-involved in the transportation of the object and times of operations. 
A similar method of presentation could use the chart in Fig. 9-5. 
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Figure 9-5. A flotc process 

tute of Management, 1955) 


pnjovDj 

chart. (From “Work Study \ British Insti- 
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Activity charts 

An activity chart is a graphical presentation of a whole or a portion of a work 
cycle, which, shows the relative periods of activity and idle times of men and 
machines. It is particularly useful when we want to study the breakdown of a 
work cycle with the view of shortening or simplifying it. The activity chart 
indicates the interdependency and sequence of tasks, as well as those that 
require the simultaneous activities of several men or machines. Take, for 
example, the work cycle of an operator supervising tw’O machines, the activities 
being as follows: 

1. Operator loads and starts machine 1. 

2. Machine 1 performs its task, at the end of which it stops automatically. 

3. Operator, in the meantime, unloads the finished product from machine 2. 

4. Operator inspects the product. 

5. Operator loads and starts machine 2. 

6. Machine 2 performs task and stops automatically when task is finished. 

7. Operator turns to machine 1 and unloads the product. 

S. Operator inspects the product. 

9. Operator loads and starts machine I: etc. 

Figure 9S shows how these tasks can be presented by a multiactivity chart' 
on a time basis. The chart indicates that while the operator is fully occupied 
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I t J Loading and unloading 
pH independent activity (machine running; inspection) 

j_| klie time 

Figure H— fe. .4 multi-activity chart (one operator supervis¬ 
ing tiro machines). 
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looking after the machines and inspecting the work, each machine is idle on two 
occasions during the cycle: when the other machine is being loaded and when 
the product is inspected by the operator. The active time of each machine is 
0.4 (loading) + 0.8 (running) + 0.2 (unloading) = 1.4 minutes, so that the 
efficiency of the machine cycle is 

active time 1.4 _ . . 

rj = -— — = 0.64 

cycle time 2.2 

Having worked out through activity charts the active and idle times in relation 
to the cycle time and the sequence in which these activities occur, we can seek 
alternatives that would make the cycle more efficient; for instance, by studying 
the sequence of operations, reducing the cycle time, adjusting the number of 
machines an operator should supervise, etc. Some of these problems are further 
discussed in Chapter 12. 

When outlining the proposed sequence of operations some basic principles 
must be borne in mind, namely: 

Saving in effort 
Saving in skill 

Saving in handling and setting time 
Saving in operation time 

Hence it is useful to subject the proposed sequence of operations to the following 
cross-examination: 

1. Is the operation really necessary? What does it contribute to the product 

value ? 

2. Can two operations be combined or carried out concurrently? 

3. Should operations be divided into simpler elements for the purpose of work 
standardization (using similar machines and skills, identical instruction sheets, 
and facilitating more accurate estimating) ? 

4. Can the sequence of operations be changed to advantage? 

5. Is it worth while to install mechanical aids for loading, setting, and un¬ 
loading of the work? 

6. Is it economical to install mechanical handling devices to transfer the 
work from one operation to the other ? 

7. Should inspection be carried out by the operator? Could inspection and 
handling between operations be combined (by incorporating an inspection 
mechanism into the handling system, thereby letting through to the next 
operation only work that is up to standard) ? 

8. Are the operator, the machine, and the tools the right ones for the job? 
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Production Master Programs 

eration process charts with the final sequence of operations form a useful 
for a production master program. Figure 9-7 shows an example of such a 
am. involving the manufacture of a product made of eight parts. After the 
have been produced, some are put together into sub-assemblies, which have 
dergo various operations prior to the final assembly. If the date on which 
roduct is to be finished is denoted by zero, the scheduling for the latest 



Time scale 


e 0-7. A production master program. (A schematic example illustrating the 

of sequence of operations on scheduling) 

duet is made of S parts: A, B. C. D, E. F, G, H. 

nee of operations: 

Mi parts are produced. 

Pans are grouped in the following sub-assemblies: 

I Parts a + B + C 
II Parts DtE 
m Pans FiG 

Sub-assembly I is subject to an operation before further assembly work. 

[ and EL are assembled to form major-assembly (I-f-II). 

Major-assembly is subject to an operation (e.g. painting by a spray-gun) after 

which it is ready for final assembly. 

[xi the meantime. III and H are assembled to form major-assembly (III-j-H). 
Major-assembly (XII-4-H) is subject to an operation, after which it is ready for final 
assembly. 

Final assembly takes place, 
ion: 

\ 2, etc. Operations required to produce part A. 

Machine on which operation A 1 is made. 

Refers to an assembly operation. 

Refers to one of the operations listed in the above sequence. 
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date on which production of the parts has to start is shown by the tails of the 
individual components on the chart. Work on part A will have to begin about 
14 time units (days, weeks, etc.) before "zero day”; part B, about 14.8 time 
units, etc. The longest total operation time is connected with part F. which will 
have to start at —18 time units. 

Required data 

This master program includes information about the type of equipment or 
machine required to perform the operation in question: for example: 

Part A : operation 1 will require machine M/52. 

operation 2 will require machine M/2. 
operation 3 will require machine M/5, etc. 

This information is important because at a glance we can verify whether there 
is no overlap of time for the same machine. We see in Fig. 9—7, for instance, that 
operations C /3 and BA are to be performed on M/13, so that unless we have 
more than one machine of this type, we have to shift forward in time operation 
B 1 or C/3 in order to avoid any clash in timing. Similarly, operations B 2 and 
0/6 overlap in time. Thus, although at first glance part F requires the longest 
time, we may find that either parts B or C have to be produced first. One 
possible sequence is shown in Fig. 9-8, but obviously the number of possible 



Time scale 

Figure 9-8. A feasible solution far a production master program. {See Figure 9-7) 
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iltornativos increases very rapidly with the number ol overlaps, and they have 
)o bo oarofully studied to ensure that thcs one selected yields the shortest total 
lima span between start and fininh. Figure 9 H in a feasible solution for this 
particular product, but naturally the final Mohodulo can be set up only after 
ndividua 1 machine eomrnitrnontH for other products an* also accounted for, 




Pigurn a a. Phatthiff too I biff and 
production of airplane# • 


Long-term planning 

When producing batches of large units (houses, ships, large* generators, pianos, 
etc.), which are spread over a period of several months or years, and when 
special tooling is required, it is important that tooling expenditure should load 
the production program by a suitable phasing period. 

Figure 9-9 is an example for a production program of 250 airplanes, to bo 
undertaken in five years. A preliminary period of about 18 months is allowed for 
preparation for production, after which the first plane is scheduled to come out 
of the plant. The rate of output is then increased gradually, reaching its maxi¬ 
mum value in the fourth year. The tooling program, however, starts almost 
immediately, so that by the time the plant is expected to yield maximum 
capacity, most of the tooling outlay has already been spent, leaving only a very 
low margin for replacement of minor items during the Iasi/ two years of the 
program. Each of the units scheduled for production is a big enough under¬ 
taking to require detailed planning of production progress, and a general outline 
can be indicated on the production program as, for example, in Figs. 9 10 and 
9-11. 

The limiting factor in planning may be governed (among other tilings) by the 
number of berths in a shipyard or in a plane construction plant, the number of 
rail lines in a locomotive repair shop, the number of cranes in a loading or 
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nloading operation, etc. Figures 9-10 and 9-11 were drawn out on the assunip- 
bn that no more than five planes could be constructed concurrently. As this 
umber is the limiting factor for production output, no time should be lost 
etween the completion of one plane and the beginning of production of the next 
tie on the line. To allow specialized teams to proceed from one plane to another, 
>nstniction does not start on all planes on the same date, but work is carefully 
based to allow for the capacities of the machines and the teams to be utilized 
> the maximum. This problem will be discussed further in Chapter 12. 
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Programing component production 

Following the completion of the master program, a production program for 
>aeh component can be outlined (Fig. 9-12), with copies sent to the appropriate 
iepartments so that everybody concerned will be duly forewarned about the 
schedule. The program must, naturally, allow for transportation time within the 
slant, inspection time and delays, particularly when the components are pro- 
luced for the first time and various production difficulties may have to be over¬ 
come (notice, for example, that the production time for the first plane in Fig. 
*-10 is longest). Very often, however, production planning departments tend 
:o be overcautious and allow too large a safety margin, with the result that the 
hop may be choking with components in process, waiting for issue to the 
issembiy line. Frequent studies of the causes for delays and deviations from the 
ratiined program—and subsequent removal of such causes (whenever possible)— 
lelp to plan a balanced schedule with properly phased operations. 



Figure 9-12. A component production program . 


Operation and Route Sheets 

The final sequence of operations is set out in an operation sheet, which should 
iclude the following details: part number and name (and if possible a sketch as 
ell), materials specifications, description of the operations and the type of 
laehines they should be carried on, tools to be used, and time allowed for setting 
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and performing the operations. The operation card, therefore, constitutes 
a general statement about how, in the view of the production planning depart¬ 
ment, the production sequence should be carried out. It indicates the type of 
machines that could be used, but it does not normally specify precisely to which 
machine in the plant the work should be allocated. In other words, the operation 
sheet is one step prior to machine loading. When allocation of work is carried 
out. a route sheet should be prepared, detailing the machines and departments 
to which the work will flow and again listing the sequence of operations, each 
operation described in conjunction with the corresponding machine. The opera¬ 
tion sheet is filed in the records of the planning department and can be used 
again when the order is repeated. The route sheet, on the other hand, may have 
to be revised if some of the machines have been committed to other jobs. 

This subtle difference between an operation and a route sheet (apart from the 
routing details, they contain practically the same information) often leads pro¬ 
duction planning departments to adopt a combined sheet, as shown in Fig. 9-13. 
When the form is to be used for the records as an operation sheet, the routing 
columns just indicate the type of machines that could be used for the purpose, 
and no details of "quantity’' and "to be finished on” need be specified. Copies of 
this form are used as route cards. 


OPERATION AND ROUTE SHEET NO. 

PART NO. DRAWING 

NAME 


MATERIAL SPEC. j QUANTITY TO BE FINISHED ON 


ROUTING 

OP. 

NO. 

DESCRIPTION 

TOOLS i 

TOOLS | RXTURES 

TIME (MIN.) 

DEPT 

M/C 

SET-UP 

OP. TIME 

TOTAL 





_ 

___ 




! 

i 



j 

i 




j 



Figure 9-13. .4 combined operation and route sheet. 


The operation sheet is very useful for re-evaluation of the decisions taken so 
far. It includes operation times so that a cost estimate can be made and the 
economic production quantities can be computed; these two figures, the cost 
per unit and the quantity, can then be analyzed and compared against other 
alternatives that may be open (e.g., using an entirely different process or 
sequence, or buying the components from the outside). 
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29 4 57 
DATE OF ISSUE 


29 5 57 
DATE REQUIRED 


1000 

500 

TOTAL QTY 

BATCH QTY 


PART NAME 

MATER,AL SPECIFICATION 3^ ^ I4G X /J? 


OPERATION DETAILS 


Rough Grind 


Cut 


Keyway 


Bore 


Drill 4 holes 2 BA 


Finish Grind 


Inspection 


WORKS ORDER NO, 


A.37J7 


UNIT OUANtilV MfotptfiOO 


M/C No, 
or GROUP 


73/SO 


JIG TOOL A 
OAUOi Nm 


h/ 4t> 

42 
41 
22 

43 
23 


bTTINdOP. TIMP MOM 


TIMfi 


MRS, 


MINS. 

J 

.6 

.2 

.3 

.6 

,2 


HfMAMKf 

start™ |i*Arr pinimih* 

I AUGUR SCRAP 

total wrap TrOrAi 'oddiT*” 


« MAI* 

MAH I MAN'S I 


Hu. 1m 

rw/n| 


Nil 

looopl 


vww 

DAW 


3 9-14. A master card for production order breakdown* (CourtoMy Bulmor’M 
iators Ltd.) 



3 9-15- The orlid super universal for preparation of production planning 
meats . (Courtesy Bulmer’s Calculators Ltd,) 
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Breakdown of the Production Order 

The operation and route sheet can serve as a production order, from which 
detailed job cards for each operation have to be prepared. Other ancilliary 
documents include: a materials requisition form, an inspection card, an identifi¬ 
cation card (which is attached to the work throughout its travel in the plant), a 
delivery note of the finished product to the store, etc. One method for preparing 
all these documents is shown in Pigs. 9-14, 9-15, and 9-16. First a master card 
is made to include all the details on the operation and route sheet, and to allow 
for further details on the current production run (date of issue, date required, 
quantity, etc.) and for information to be inserted after production (mainly on 
inspection results). By using a reproduction process, such as offered by the 



: DATE OF ISSUE DATE REQUIR 


PART NAME ^ , 

; Center Wheel 


\ MATERIAL SPECIFICATION _ 


Brass strip 14 G x 1 


DRAWING *0. A3731 

PART NO. 

AW 5737/24. 

UNIT QUANTITY _ _ , _ j 

68 feet per 500 j 

CHECKED 

BY 



OP. NO. 

OPERATION DETAILS 


/ 

Rough Grind 


29 5 57 

1000 

500 

2345 

DATE REQUIRED 

TOTAL QTY. 

BATCH QTY. 

WORKS ORDER NO. 


Center Wheel 


MATERIAL SPECIFICATION ^ /4 Q * } 


OPERATION DETAILS 

t 


29 4 57 29 5 57 ! 

DATE OF ISSUE DATE REQUIRED TO 


PART NAME - , , 

; Center Wheel 


MATERIAL SPECIFICATION - , - , A ~ „ . 

Brass str/p 14 6 x / 


OPERATION DETAILS 


DRAWING "0. a 373? PART NO^ 


29 5 57 

1000 

500 ! 

DATE REQUIRED 

TOTAL QTY. 

BATCH QTY. 


Key way 


ISSUE 


PART NAME 


29 5 57 
DATE REQUIRED 


Center Wheel 



MATERIAL SPECIFICATION ^ ^ ^ x ; J | UNIT jCHECKH) 


OPERATION DETAILS 


Figure 9-16. Breakdown into job cards . (Courtesy Bulmer’s Calculators Ltd.) 
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nachine in Fig. 9-15. the list on the master card can be broken down so that the 
Leading pins any lines singled out from the list are reproduced on separate cards, 
die breakdown into job cards is shown in Fig. 9-16, and similarly a materials 
equisition and other documents can be made out. The machine in Fig. 9-15 is 
l spirit duplicator; another method uses a printing plate for the heading of all 
locuments, the plate being similar to those used in addressing machines. 

Stock Planning 

Although the actual issue of materials to the shop floor is performed when the 
naterials requisition orders are released through the dispatching function, the 
ivailability of required materials in stock must be ensured some time in advance, 
:o allow for delivery lead times in case some materials have to be purchased, 
rhe functions of stock planning would, therefore, be: 

On receipt of lists of materials and component requirements, the quantities 
held in stock have to be cheeked and the appropriate amounts allocated for 
issue. 

The rate and pattern of demand for materials from the store should be studied 
so that the optimal policy of replenishment can be worked out. 

Orders for replenishment are issued to the purchasing department. 

When goods are received, they have to he cheeked for 

(i) quantity (to allow for claims to be made in cases of deficiencies); 

(ii) quality (to ensure that specifications-are complied with). 

Reports on receipt of consignments are made to enable the purchasing depart¬ 
ment to reassess the efficiency and reliability of the vendors and to allow the 
accounting department to proceed with any appropriate action that may be 
required. 

The consignment has to be duly recorded so that up-to-date information about 
stock levels is always available. 

A suitable classification system for materials and components held in stock 
should be in operation and reviewed from time to time to ensure that arti¬ 
ficial variety, caused by having items under different names, is avoided, and 
to provide a basis for a further simplification program (see, for example. 
Fig. 9-17). 

In short, stock planning is associated with two main responsibilities: that of 
recording events and that of formulating the best replenishment policy. The 
latter is closely concerned with how much to order, when to order, and what 
limits of stock levels seem desirable for effective management of the stores. 
These problems will be further discussed in Chapters 10 and 11, where optimal 
batch quantities for production are analyzed, and in Chapters 17 and IS, where 
some specific problems in stock control are dealt with. 

The necessity for keeping stock records and accounting for demand require¬ 
ments is self-evident. Without data, no analysis can be carried out and no policy 
(let alone an optimal policy) can be defined. The question is, however: How 
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1* The same material Polyvinyl Chloride has been found to be co mm ercially available 
under the following proprietary names: 


BX PVC 

Everflex 

Portex Vinyl 

Capo vim 

Flexatex 

Rilene 

Cap-Plastube 

Koroseal 

Tenaduct 

Chlorovene 

Kenutuf 

Tygan 

Clorcom 

Li-Lolastic 

Vinatex 

Corvic 

Lorival 

Vinylite 

Craylene 

Marvinol 

Vynan 

Duraplex 

Mipolam 

Wei vie 

Erinoid 

Periflex 



2. The same type of component was separately 3. The same pipes and pipe 
designed in one firm, produced and stored as: fittings were stored in three 


Arbor 

Plug 

different locations according 

Axle 

Plunger 

to their use: 

Bar 

Post 

(a) Factory Maintenance 

Bolt 

Rivet 

Stock: 

Boss 

Rod 

Piping for gas, water. 

Button 

Roller 

compressed air 

Column 

Shaft 

(b) Production Stock: 

Cotter 

Shank 

Parts used in construction 

Dowel 

Spigot 

of products 

Mandrel 

Spindle 

(c) Plant Spares: 

Peg 

Stud 

Parts serving machine 

Pillar 

Tappet 

tools 

Pin 

Trunnion 


Piston 

Pivot 

Valve 


It was also 
such as: 

found under composite names. 


Pin anchor 

Pin link 


Pin crank 

Pin linge 



Pin push lever 
Pin clamp plate 
Clutch toggle pin 
Governor drive coupling pin 
Distributor drive plain pin 


Figure 9-17. Three examples of artificial variety (from “Maximum et Minimo" by 
G. Brifsh, J. Institution of Production Engineers, June, 1954). 


uch data should we collect ? If we record information that is never used for any 
aiuation or planning purpose, the system may become unnecessarily cumber- 
me. Sometimes too little information is recorded. Figure 9-18, for instance, 
picts a very conventional stock or bin card, which shows the amounts received, 
counts issued, and the balance on hand, but gives no information about 
lantities allocated for issue or about quantities on order. Needless to say, 
len lag times between stock allocation and stock issue or between order and 
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il replenishment are comparatively long, the lack of such information 
at the stores management at a serious disadvantage. A modified stock 
card, such as in Fig. 9-19. would include special columns to indicate the 
ts allocated and amounts expected to come in, as well as balance on hand 
e “effective balance 5 5 (= actual stock level -f- orders allocations). 


BIN HO ... CODE OR SPEC. NO.. 


CARD HO___ 

DESCRIPTION___ 


DATE j REFERENCE 

IN 

OUT 

BALANCE 

1 BROUGHT 

FORWARD 

1 

1 

1 

1 

1 

i 

1 


1 






■ 

1 

1 

1 

1 

1 

1 

i 

1 




1 










■ 

1 

1 

1 

1 

1 

1 

i 

1 




1 










■ 

! 

I 

1 

1 

1 

1 

1 

i 
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■ 

j 
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■ 

. - .1. — 



~ 


: 

DC 

= 




1 
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11 

= 
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1 

1 

1 
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TOIAIS 
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1 

1 

1 

1 

1 

1 
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Figure 9-18. .4 conventional bin card . 



Figure 9-19. .4 detailed stock card . 
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Basic Production Planning Problems 

Having worked out the sequence of operations, and having obtained informa¬ 
tion about orders and demand for the product, we now possess sufficient data on 
which production scheduling can be based. On the one hand there are the rates 
of demand that have to be satisfied, the operations that have to be performed, 
the kind of accuracy and skill they require, and the time it will take to carry 
them out. On the other hand we have the facilities, namely: the machines and 
equipment, the personnel and the time available for production. The final and 
crucial task of production planning is to match these two in such a manner that 
the objective is achieved with maximum utilization of these facilities. Basically, 
therefore, there are three kinds of production planning problems: 

1. Problems of quantity: how to determine the quantities that should be 
produced of each product or component during a given period of time 

2. Problems of allocation: how r to allocate the w r ork to the machines and how 7 to 
assign the manpower to a given array of tasks 

3. Problems of scheduling: how to arrange the sequence of operations on the 
machines, so that the sequence for any individual component or product 
is not interfered with 

All these problems are, naturally, interconnected. Allocation of machine time 
depends on machine capacity and on its other commitments, while an optimal 
schedule can be constructed only after these allocations have been made. 
Furthermore, the system is often dynamic, with batches of operations arriving 
from time to time to be allocated and scheduled, so that not only does the 
schedule change continuously, but an existing schedule and prior commitments 
may have to be reviewed each time a new batch of operations arrives. Delays in 
supplies and machine breakdowns, changes in forecasts on market demand, and 
trends in future sales, all these may also interfere with the schedule to an extent 
where a review becomes necessary. Problems associated with determination of 
manufacturing quantities will be analyzed in Chapter 10, some aspects of alloca¬ 
tion and sched ulin g will be discussed in Chapters 12 and 13, and interrelations 
between quantities in batch production and scheduling will be considered in 
Chapter 14. 

Summary 

The main purpose of the production order and the paper work associated with 
it is to convey the necessary information to everybody concerned and to provide 
a basis on which a control system can effectively be supported. Tools frequently 
used in production planning include: process and activity charts (to analyze the 
outline of manufacture and the sequence of operations), production master 
programs (to give a general picture of the production timetable), operation and 
route sheets (to record detailed data on operations, methods, and times), and the 
various parts of the production order: job cards, materials requisition cards, etc. 
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lems 

(.struct an operation chart for a selected product arid <IiseuNM alternatives to 
our suggested sequence of operations. 

e an example for each question in the cross-examination lor* any proposed 
equenc© of operations (page5 211) to show how production methods could he 
aiproved. 

it a plant with the purpose of: 

(i) Studying a specific product and drawing a. master production program 
for it 

(ii) Outlining the flow of documents in production control 

(iii) Discussing which documents arc absolutely essential to satisly the basic 
requirements of a production order 

* the example given in Fig. 9 4, draw an activity chart for: 

(i) One operator and one machine 

(ii) One operator supervising two machines hut relieved of the task of 
inspection 

(iii) One operator supervising three machines but relieved of the task of 
inspection 

)f the three alternatives, which yields the highest machine oltlciency? 

*ang of four operators are engaged in producing a product which consists of 
our parts (A, B. C and D). The work is divided between the men as follows: 

(i) Operator 1 brings a batch of 20 pieces of each part (this number is 
determined by the size of the curt; time 0.5 min.). Then opera torn 2, 2, 
4 take parts A, B , 0 and prepare them on their work honchos (time for 
30 pieces of part A is 1.0 min.; same time applies to parts H 9 (J). 
Operator 1 works on pieces of part I) (0.5 min.). When all the parts have 
been finished, operator 4 assembles them (time, 2.25 min. for 20 assem¬ 
blies) while operators 1, 2, 3 prepare packing boxes (time, 0.4 mil), for 
each operator to prepare ten boxes). When the assembly is finished, 
each one of operators 2, 3, 4 takes ten assemblies to a machine for a final 
operation (assume no time is needed for this handling operation). 

(ii) Operator 4 works on the machine with the help of operator 1 (time for 
ten assemblies, 0.25 min.) while the other two wait. Then operator 3 
works on the machine with the help of operator I, while operator 4 
packs his finished assemblies in the boxes (time, 0.5 min.), and finally 
operator 2 operates the machine with the help of operator 1 and then 
packs his ten assemblies. When all assemblies are packed, operator 1 
takes them away (time, 0.5 min.) and brings fresh parts. 
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Tour task: 

(i) Draw a gang activity chart of the existing process. 

(ii) Discuss this process and suggest possible alterations. 

(iii) Draw an improved recommended process. 

(Assume all operators to be equal in skill and effort.) 

(iv) Calculate in percentage the efficiency of utilization of the machine in 
the initial and recommended processes. 

(v) If maximum utilizat ion of the machine is required, what changes would 
you introduce? Draw the gang chart for this case. 

An operator uses a fixture to machine a component on a milling machine. The 
operations involved are: 


Load fixture 

4.0 min. 

Clamp fixture to m/e 

2.0 min. 

Start machine 

0.05 min. 

Adjust flow of lubricant 

0.05 min. 

Machine 

8.3 min. 

Stop machine 

0.05 min. 

Clean part 

0.2 min. 

Unclamp fixture 

0.2 min. 

Unclamp part 

0.2 min. 

Inspect 

0.2 min. 

Pack in box 

0.2 min. 


(i) Find percentage of utilized time of operator and of machine. 

(ii) Rearrange the sequence of operations to achieve a higher percentage 
of utilization. 

(iii) Draw a man and machine chart for present and suggested sequence. 
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QUANTITIES IN BATCH 
PRODUCTION 


Batch production is necessary when the demand for a commodity is limited or 
when the rate of production is so high, compared with the rate of consumption, 
that they cannot be geared to each other by utilizing continuous production. 
The product is therefore manufactured periodically in a quantity that will be 
sufficient to satisfy the demand for some time until manufacture of this product 
is resumed. In the interval between two production periods, the plant and equip¬ 
ment can be used for the manufacture of a variety of goods in a similar fashion. 
A complete production cycle can thus be organized, in which each product in 
turn is manufactured in quantities corresponding to the total demand for it 
throughout the cycle time. 

Two basic problems immediately present themselves. First, if each product 
were to be analyzed separately, disregarding any effects other products might 
have on the schedule, what is the quantity (or batch size) that should be made 
each time the product is manufactured? Secondly, once the ‘'best* 5 batch sizes 
for each product have been determined, how can a satisfactory master production 
schedule be set up to take account of the plant capacity and the effects of these 
batch sizes on the cycle time ? The question of batch sizes will be dealt with in 
this chapter and that of the effect on scheduling in Chapter 14. 

Stock Control 

Batch production in its simplest form is shown in Fig. 10-1, where the varia¬ 
tions in the level of the stock (Q) are plotted against time (T). The line 0-1 
represents the production process, in which the stock is built up at the uniform 
rate of a v units per unit time. After the production period T v , the level of stock 
reaches a point Q l7 when production stops. Line 1-2 represents the variations in 
stock due to consumption at the uniform rate of a c units per unit time, and after 
the consumption period T C1 no stock is left and production starts again at 
point 2. The same cycle can now be repeated, unless it is decided to produce a 
new lot, Q s , different in size from Q l7 in which case the length of the produc¬ 
tion and the consumption periods will differ, by the same proportion, from the 
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orresponding values in the preceding cycle. During the consumption period T c 
he equipment and the plant can he utilized for manufacture of other products. 

From triangle 0-1-2 in Fig. 10-1 it can be shown that 


md similarly. 


Qi = a p T p 
Qi = a c T c 


Hence 


T £ a P 


y 


( 10 - 1 ) 


( 10 - 2 ) 


rhe ratio of production to consumption periods is determined by the ratio of 
consumption to production rates (denoted by y). This ratio is a measure of the 
amount of time spent in any production cycle on one product, a high value of y 
implying that a high proportion of the available time is spent on the manufacture 
Df the product in question. The highest value of y is 1. when rates of production 



Figure 10-1. .4 simple stock 

control model . 


and consumption are equal and production ceases to be of the batch type and 
becomes continuous, the production being geared to the demand for the product. 
Sometimes when y = 1. production cannot keep up with the potential demand 
and no stock can be built. The market may then rely on other sources of supply 
and a queue of orders is often formed. The lowest value for y is 0, which means 
that no time is required for production and the problem becomes an inventory 
one. In the latter case provision must be made not for a production period as 
such but for a delivery period during which the order given by the stores is 
executed. 

The pattern shown in Fig. 10-1 completely segregates the production and 
consumption periods and is, therefore, oversimplified. First, no account is 
taken of the fact that consumption also takes place during the production period. 
Secondly, at point 2 when the stock dwindles to zero, no safety margin is left, 
and supply from the stores is likely to stop unless production starts promptly 
at this point. The warning light to start production should be given not when the 
stock is zero but at such a point that will allow building up of the stock to a 
predetermined level at the completion of the production period. 
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When these facts are considered, the change in stock follows the pattern 
shown in Fig. 10-2. Instead of restarting production at point 2, when the old 
stock is fully consumed, a new stock level at point 3 is required. Production 
must start at point 2' (the distance 2'-2 being the time T p required for produc¬ 
tion), allowing for accumulation of stock as denoted by point 3. At point 2' the 
stock level is Q Q) which may be regarded as a safety stock (representing the 
minimum number of pieces) below which the stock should not normally fall. 
Actual preparations for the production run will have to start at an even earlier 
stage to allow setup of the machines to be finished at point 2'. If additional 
delays are normally expected, or if machines are not always available, produc¬ 
tion orders should be issued at point 2", accounting for this delay interval, T d . 
The stock level at order point is then Q' 0 . 



Figure 10-2. Stock control urith 
a buffer stock . 


During the production period the stock of Q 0 continues to dwindle at a rate of 
a c units per unit time, and a new stock (represented by the line 2'-3) is built up 
at a rate of a p units per unit time. The net increase in stock level is given by 
the difference of these rates, and since both are assumed here to be linear, the 
net increase is also linear, as shown by the line 2-3. The stock changes are 
thus represented by the lines 1—2, 2—3, etc. This pattern is similar to that of 
Fig. 10—1 except that the horizontal axis is shifted upward by a distance of 
Q q from 0 —T. The consumption rate remains as before, while the rate of increase 
in stock during the production period is given by 

a P = a P — a c 

The interval time available for utilizing the equipment for other purposes is 

t=T c -T p -t s 

t s being the setting-up time required for preparing the machines before the 
production period T P . By using the relation 10—2, this interval becomes 

t=T c (\ -^j-t s =T c (l-y)-t s 


( 10 - 3 ) 
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'he safety stock Q q can be determined from the triangle 2—2'—2 in Fig. 10—2 as 

Qq = Pp a c 

if this equation is divided by one of the expressions of Eq. 10—1, 


Qq __ 

Q ~~ 


(10-4) 


already mentioned, the actual stock level at which the order for production 
iven is higher than Qq. and from Fig. 10—2 it can be shown that 


Q o ffp » __ i _l Tj. 

Qq T p ‘ T 9 


(10-5) 


he delay period is negligible compared with the production period, the stock 
>rder point will be the same as the safety stock $ 0 . 


Definition of Batch Sizes 

n continuous production the average rates of production and consumption 
virtually the same. A buffer stock is built to take care of possible stoppages or 
akdowns. If the production rate remains constant, the stock level will vary 
ording to fluctuations in demand. Alternatively, the stock may be kept more 
ess at a constant level, while production rate is regulated to follow trends or 
nges in demand, in order to avoid excessive increase of stocks, 
n batch production, however, the stock of each product has inevitably to be 
ed to a predetermined value before the production of another article is 
lertaken by the plant. If the stock level is kept too low, that is, a small batch 
reduced, the setup costs per piece and the setup time w T ould be high. From 
production point of view, long runs are desirable; however, if too large a 
eh is produced and stocked, high carrying costs are incurred (in the form of 
mest charges on the capital invested and in storage, maintenance, and deten¬ 
tion costs while the goods are in the stores). The main factors affecting the 
etion of batch sizes may be summarized as follows: 

. Setup costs of machines and other costs of preparation for the run 
. Consumption rate 
. Production rate 

. Interest charges per piece per unit time 

. Average storage costs (including maintenance of products in stores and 
deterioration) 

. Sales price 

'he selection of a batch size is evidently a question of determining an optim um 
le that will yield the best possible results, when the criterion for judging these 
tits has been adequately defined. This problem has been known since the 
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early 1920's and numerous attempts at a solution are recorded in literature. 
Most of the suggested solutions were concerned with finding the batch size that 
results in minimum total production costs per piece, the assumption being that 
minimum production costs inevitably result in maximum profit and yield the 
best performance. Under circumstances of severe competition, the sales price 
per unit may have to be reduced to such an extent that production at minimum 
costs, leaving only marginal profits, is an inevitable policy. But when manu¬ 
facturers are not forced to produce at minimum costs, other factors must be 
considered so as to compute the optimal batch size for the prevailing circum¬ 
stances. 

How is an optimal batch size to be defined? What is the criterion by which its 
effectiveness can be measured and what are the aims that should be set to guide 
the policy of selecting batch sizes? Let us examine the following four criteria: 

1. Minimum costs per piece 

2. Ma xim um profit for the batch 

3. Maximum ratio of profit to cost of production (to be called hence maximum 
return) 

4. Maximum rate of return per unit time 

On the face of it, the desirability of achieving each one of these goals would 
seem self-evident; but are they compatible with each other, i.e., can all these 
goals be attained at one and the same time? If not, how should prevailing cir¬ 
cumstances affect the selection of policy? 

Minimum-cost Batch Size 

The production costs per piece consist mainly of four factors: 

1. Constant costs per piece, c, which include materials m, labor l, and some 
overheads o: c — m — l — o. 

2. Preparation costs, a, per batch, which include drawings, planning, setting-up 
of machines and equipment, etc. The costs per piece are s[Q. 

3. Interest carrying costs paid on the money invested in articles kept in 
stock: I = ic for one piece per unit time. The average level of the stock during 
the consumption period T c is i (Q — Q 0 ) (see Fig. 10-2); thus the carrying costs 
for the stock for this period are 

r Q ~~ Qq m 

2 c 

Substituting T c = Q/a c and dividing by Q, the carrying costs per piece are 


2-<2(1 + y) 

2a, 
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4. Storage carrying costs, including charges for space and personnel,* mainten¬ 
tice while in stock, and deterioration: if the average storage costs per piece are 
l per unit time, then for the consumption period T c they are 


BT C or 


BQ 

a c 


hese factors are shown in Fig. 10-3. the total costs per piece being 


r- e + i + £T, ( i + r) + .B 

Q 2a c L 


( 10 - 6 ) 



Figure 10-3. Production costs 
per piece . 


?he last two factors can be combined into total carrying costs and denoted by 
\Q (where K is the carrying costs factor), so that 



r>\ 

+ 

** t 

(10-7) 



II 

r 

Ci 


(10-8) 

constant 

variable 


costs 

costs 



The point where the costs per piece are minimum is found by 

dY 


dQ 


=0 


<? 2 


A’ = 0 


Q, 


= Jl = f 2g t* 

VI VJ(l+y) + 2 B 


(10-9) 
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At the point of minimum costs it is evident from Eq. 10-9 that 


~ = KQ m (10-10) 

Vrw 

i.e., the total carrying costs per piece and the preparation costs per piece are 
equal, and the batch Q m corresponds to the point of intersection of the two 
variable costs curves in Fig. 10-3. The minimum total production costs per piece 
are 

Y m ~ c + pr -h -KQ m 

Qm 


= C + (10-11) 

Qm 

= c + 2KQ m 

Example 1 

A product is sold at a rate of 500 pieces a day and is manufactured at a rate 
of 2,500 pieces a day. The setup costs of the machines are $1,000 and the storage 
costs are found to be 1.5 X 10~ 3 dollars per piece per day. Labor charges are 
$3.20. materials $2.10, and overhead $4.10 per piece. If the interest charges are 
8 per cent, find the minimum-cost batch size and the costs of the production run. 
Solution 

In this case we have 

5 = $ 1,000 

B = $0.0015 per piece per day 
a e = 500 pieces per day 
a p — 2,500 pieces per day 


Hence 


a c _ 500 _ q 9 

a P 2,500 


As the time unit taken here is one day, it is necessary to calculate the interest 
charges per day. These are expressed in a decimal form. Assume 300 wor k i n g 
days in a year; then 

i = — -— — $2.67 x IQ -4 per dav 

100 300 ^ 


and the constant costs per piece are 

c = 3.20 4- 2.10 + 4.10 = $9.40 per piece 
1 = ic = 2.67 X 10~ 4 X 9.40 = $2.5 X 10“ 3 per piece per day 


The minimum-cost batch size, by Eq. 10-9, is 
Qn 


-Jl 


2 x 500 X 1,000 


5 x 10- 3 x 1.2 + 2 x 1.5 X 10- 


13,000 pieces 
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he production run will involve the sum of 

Q m Y m = 13,000 x 9.55 = §124,000 

pecial cases 

1. When the production period is comparatively short and the storage charges 
nail, a simplified version can be obtained for Eq. 10-9. These conditions may 
e expressed by 

B <1 

y < 1 

Laking the carrying costs factor K (from Eq. 10-7) 

K = — (10-7a) 

2a c 

ad the batch size for minimum costs is then 

Q m = (10-9a) 

his formula was first suggested by Harris (1915) and later by Camp (1922), and 
; often quoted in literature. Under the circumstances described above, it will 
ield quite satisfactory results, but when y and B are not negligible, its use is 
ot justified, as illustrated in Example 2. 

2. When the production period is either relatively short (i.e., y < 1) or 
relevant (as in inventory problems), the modified form of Eq. 10-9 becomes 



(10-9b) 


his is called the inventory formula for optimal batch sizes. The ratio y does not 
gure in this formula, which may sometimes be successfully used in problems of 
atch sizes in manufacture because it is obviously a better approximation than 
'amp’s formula. 

Example 2 

Machine components supplied to the assembly shop are produced in a plant 
t a rate of 100 pieces a day. A cost analysis showed that the constant production 
>sts per piece, including labor, materials, and overhead, amount to §2.40 per 
iece, and the storage costs are $0.0005 per piece per day (this figure includes 
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the maintenance charges). If the preparation and machine setup costs for a 
production run amount to $500 and the assembly bay is using 40 pieces per 
day, find the minimum-cost batch size and the length of the production run 
(assume interest charges are 12 per cent). Compare these results with those 
obtained by Camp’s formula and the inventory formula. 

Solution 

From the given data 

c — $2.40 per piece 
5 = $500 

B = $0.0005 per piece per day 
a c — 40 pieces per day 
a p — 100 pieces per day 

Assume 300 working days in a year; hence the interest charges per day are 

12 1 

% = —— x —— = 4.0 x 10~ 4 per day 
100 300 F J 


or I — ic — 2.40 X 4.0 X 10“ 4 = $9.6 x 10" 4 per piece per day 


and 


a c 

y = — 

a* 


40 

100 


= 0.4 


Computations of the minimum-cost batch size by expression 10-9 give 

- 

V 9.6 x 1 


Qn 


X 500 X 40 


= 4,140 pieces 


10- 1 x 1.4 + 10- 3 
The length of the production run (excluding setup time) is 

T p = — = = 41.4 days 

* a, 100 J 

If Camp’s formula or the modified inventory formula are used, the results for 
Q m will be 


By Camp: Q r 


prx 

~ V 9 j 


X 500 X 40 


.6 x 10- 4 

6,430 pieces involving 64.3 days’ production 


By the inventory formula : 


Qn 



2 X 500 x 40 
9.6 x lO^ 4 + IQ" 3 


= 4,520 pieces corresponding to 45.2 days’ production 

In this case Camp’s formula obviously does not yield satisfactory results because 
it ignores the marked effect of storage costs. Even the inventory formula gives a 
batch size that is larger by 9.2 per cent than the quantity suggested by formula 

LQ-9. 
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ther formulae 

Apart from the three formulae given hy 10 0, 10 On, and 10 Ob, numerous 
bher formulae are to bo found in literature. Essentially, the difference between 
le various published expressions lies in the evaluation of the factor A and in 
le importance attributed to some variables likely to affect if. We shall mention 
ere three of the most important attempts in this direction: 


laymond's formula 

In the late 1920’a F. E. Raymond carried out an extensive study of variables 
ffecting batch size determination. He was mainly concerned with the effect of 
ividing a batch into a number of lots and with the time involved in waiting 
etween operations. To account for these and other factors, he suggested several 
xpressions, of which the “simplified” formula (published in HKJ0) is as follows: 


Qm — 



2 a c u 
2k 


,2k 2lwr t /, I\1 

'>V' *L -'T <v)J 


( 10 - 12 ) 


here F = a stock coefficient, being the ratio of the average number of articles 
in the stock above Q 0 to the maximum nurnher above y w ; for uniform 
consumption F 


k = a factor to take account of “work in process" 
c' 1 m + c 

c 2 c 

c'= cost of piece in process m | h(l | o), 
v = volume storage space per piece. 
b = storage costs per 1 sq. ft. per unit time. 
h = average height to which storage is permitted. 

N = number of lots in the batch, 

A = time factor 

= i _j_ (jy _ i) (ti m e f° r first operation in the batch) 

(total process time for first lot) 

xample 3 

A component is supplied to the store at the rate of 200 pieces a day, when 
heduled for production, the rate of consumption being 20 pieces a day. The 
'eparation costs are $1,200 per batch, but it has been decided to divide the 
itch into three lots, to be produced in succession. The volume of the com¬ 
ment is 0.01 cu. ft. and the storage costs are le. per cubic foot per day. The 
instant production costs per piece are $2.50, but the costs per piece in progress 
e $2.00. If the time for the first operation in the batch is 8 per cent of the? total 
ocess time for the first lot, and the interest charges arc? 12 per cent, find the 
inimum-cost batch size. 
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Solution 

From the data given above, 


Hence 


= $1,200 
= $2.50 per piece 
= $2.00 per piece 


h 



2.00 

2.50 


= 0.8 


F = 0.5 

i = 4 x 10 -4 per day 

I = ic = 4 x 10” 4 x 2.5 = $0,001 per piece per day 
v = 0.01 cu. ft.; 5 = $0.01 per cu. ft. per day 
2V T = 3 

A = 1 + 0.08 (3 — 1) = 1.16 
a c = 20 pieces per day 
a p = 200 pieces per day 

Hence y — — = -7^- = 0.1 

7 a 9 200 


The batch size computed by Raymond’s formula is 


?* = 


2 x 20 X 1,200 


10-sj^l —0.1^1 -ijj + 10- 3 xO.l x^l + 2x 10~ 2 X 10- 2 [l —0.1^1 -I) 
= 6,120 pieces 

If the simpler expression, 10-9, is used, 

Q m = /- 2x -= 6,070 pieces 

Vm V 10- 3 x 1.1 + 2 X 10- 1 * 


This result differs from that obtained by Raymond’s formula by less than 1 per 
cent. The discrepancy will obviously increase with JV T and y, but in most cases 
the difference is so small that many of the factors included by Raymond can be 
ignored and formula 10-9 may be satisfactorily applied. 

This argument may well be illustrated by calculating the total production 
costs per piece for these two batch sizes, using expression 10-11: For Q m = 6,120 
(obtained by Raymond’s formula), 

Oo 9 4AA 

Y m = c-f — = 2.50 4- = $2.89 per piece 

" T Q m 6,120 ^ F 


while, for Q m = 6,070 (obtained by expression 10-9), 

2,400 


Y m = 2.50 


* 6,070 


$2.90 per piece 
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;he difference being actually ono-third of ft <’<’»!' iho two IlgureH (wl.cn 

accurately calculated), which amount, h to about 0.1 per cent. There m dearly no 
neritin employing elaborate formulae in oiihoh of Uuh kind. 


L ehoczky’s formula 

This formula can be expressed as 

Jf . : I r -V) CO l») 

where X = number of bate hen to be produced per year, 

M = interest on raw materials purchased once a year. 

L = setup charges of machines including preparation and eosts nueh as 
drawing, planning, ordering, and tooling. 

, cost of finished product 
cost of raw material 


Davis 9 formula 

This formula is 


Here 


the desired rate of profit on the working profit, expressed an a 
decimal value. 

a batch factor, expressing the influence of batch production on the 
economy of manufacturing, gi ven by Ic 2 F 1. 

quantity at order point 
quantity used while awaiting del ivory 


where r = 
k = 

F = 



Methods for computing Q m 
Use of formula 

As already mentioned, this method has been a popular one expounded, by 
many writers. Although attempts have been made at form (dating very elaborate 
expressions (some of which were listed above) which pertain to provide very 
great accuracy, those have not been very popular, mainly for two reasons. 
First, the underlying assumption on which this theory is based states that the 
costs function is a quadratic one of the form given by expression 10 8, having 
linear terms for the carrying costs and hyperbolic terms for the preparation costs 
as the only variable features of the function. Such an assumption, as a prelude to 
a very strict mathematical treatment and a claim for high accuracy, is hardly 
justified. The production costs function, expression 10-8, is at best a con¬ 
venient model that represents the problem under consideration within certain 
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limitations. The advantage of this model is its simplicity; it does not, however, 
resemble reality accurately enough to warrant very elaborate formulae. Secondly, 
these complex expressions are cumbersome to handle and require accurate 
determination of a large number of variables, a task which—if not sometimes 
impossible—may at least be a difficult and lengthy affair. In many cases the use 
of complex formulae may even be unjustified, as demonstrated in Example 3. 

Expression 10-9 and its approximations, 10-9a and 10-9b, involve a smaller 
number of variables and are by far simpler to use. Moreover, batch production 
is a dynamic affair; circumstances may rapidly change and a handy tool is 
required to assess the effect of changing factors. 

Use of a nomograph 

A nomograph facilitates rapid calculations, and if drawn to a suitable scale, 
it yields quite satisfactory results. The nomograph in Fig. 10-4 is based on the 
formula 10-9. The left-hand half is concerned with the variables I (ordinate), 
y (oblique lines), B (abscissa), and a c (oblique lines). The right-hand half con¬ 
tains three variables: K (ordinate, obtained from left-hand half), s (oblique 
lines), and Q m (abscissa). 

Example 4 

Take the data given in Example 1. Use the nomograph as follows: Mark I 
= 2.5 x 10“ 3 on ordinate on the left-hand half. Draw a horizontal line to 
intersect the y lines at y — 0.2. The abscissa now gives the interest charges, 
corrected to account for the effect of the production period: 47(1 + y). Add 
the storage charges: 1.5 X 10 -3 -f 1.5 X 10 -3 = 3.0 X 10~ 3 . Draw a vertical 
line to intersect a c lines at a c = 500. The ordinate gives the factor K (= 6 
X 10 -6 ). Extend the horizontal line to intersect s at s = 1,000, and the minimum- 
cost batch size is given by the abscissa at the point of intersection; in this case, 
Q m = 13,000 pieces. 

When the ratio y is very small or when batch sizes have to be computed for 
inventory purposes, the procedure of intersecting the y lines can be bypassed, 
either by using y = 0 or by directly marking 7/2 on the abscissa on the left. 

The effect of using the simple Camp relation is also illustrated on the nomo¬ 
graph. No use is made of the parameter y, and the left-hand abscissa is not 
corrected for storage charges, In our example this would lead to Q m = 20,000 
pieces. It is obvious from the nomograph that only when y and B are negligible 
will the error resulting from Camp’s formula be small. 

A graphical method 

This method can also be called learning from hitter experience. If a product has 
been manufactured several times in various quantities, the curve of costs per 
piece versus batch size can be plott ed (Fig. 10-5) and the point of m i n imum costs 
obtained from it. 

The mafr disadvantages of this method are: First, a large number of points 
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squired to facilitate the construction of the curve, all relating to circumstances 
Rrhieh the constant costs per piece are the same. If this part of the cost 
ction undergoes a change, the curve is no longer valid. Secondly, because the 
ve is flat at the minimum point, it may be difficult to establish where this 
at is. 

"his may not be considered a practical method for current evaluation of Q m , 
it can provide a useful tool for management when trying to assess whether a 
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Minimum cost batch size, pieces 
linimtim-cost batch size . 

product with a history behind it is sensitive to variable costs, in which case a 
fuller analysis is justified. 

A modified graphical method 

In this method it is not necessary to plot the curve or to have a large number 
of points on it. It is sufficient to locate two points on either side of Q m which 
have the same ordinate; i.e., the same production costs per piece, corresponding 
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o two batch sizes Qx and Qu (Kg- 10-5). It can be shown (see Eq. 10-20) that 
he relation between these batches and Q rn is 

n — 

2p 

rhere the factory is the variable costs per piece incurred at Qx and $n compared 
pith those incurred when Q m is produced (see definition Eq. 10—15). The fact 
hat it is necessary to assess the value of p by the available data may introduce 
rrors in the calculations, but the accuracy of Q m mainly depends on the accuracy 
fith which Qj and Qu can be determined. 



Figure 10-5. A graphical method for 
finding the minimum-cost batch. 


liquating the variable costs 

At the point of minimum costs, the two terms of variable costs are equal: 



?his fact provides a good method for finding the point of minimum. Once the 
■alues of ^ and E have been determined, the curves of the two variables are 
dotted (Fig. 10-6), and Q m is given by the abscissa of the point of intersection, 



Figure 10-6. Finding Q m by equating 
the variable costs. 
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which is more clearly definable than the determination of a minimum point on a 
shallow portion of a curve. 

The Production Range 

A production range may be likened to dimensional tolerances on engineering 
components. A certain batch size may be considered the best target that should 
be aimed at, but in practice it may be impossible to obtain a satisfactory 
production schedule consisting of ideal batches only. 


Determination of the production range 

Any increase in total production costs above the minimum total costs corre¬ 
sponds to two batch sizes on either side of Q m , as shown in Fig. 10-7. If such an 
increase in costs is allowed, it is possible to deviate from Q m and select any 
convenient batch size that lies between the two limits without ca usin g an 
increase in production costs above a predetermined value. The range between 
the two limits, called the production range , offers the desired flexibility when 
scheduling of the batch is attempted. 



Figure 10-7. The production range. 


In order to find the numerical value of the two limits Qz and Qn (see Fig. 
10-7), we shall first define a nondimensional ratio p as follows: 


Y — c variable costs 

Y m — c minimum variable costs 


(10-15) 


Since deviations from the minimum-cost batch size result in a change in the 
variable terms of the total production costs function (expression 10-8), the ratio 
p is a convenient measure of increase in costs above the minimum. The value 
of p is higher than 1 and the costs function expressed by 10-8 may be written as 


r = c + p(Y m - c) 
= C+ 'IKQnP 


(10-16) 
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ad Qi and Qjx, the limits of the production range (Fig. 10-7) substitute 
ssions 10-8 and 10-11 

r -c-L + kq 
Y m - c = 2 KQ m 

e definition 10-15 of p; hence 

_(sQ) - KQ _l/s 1 , Q\ 

P 2 KQ m 2\KQQ m ' Qj 


lbstituting now $ K — Q- m (by 10-9) and a nondimensional ratio 



living this equation for q, when p is known, we have 


( 10 - 17 ) 


( 10 - 18 ) 


g=])-\/-l 

Ql = Qm(p - Vjp 2 — 1) 
On = (Up -T- ^ F — 1) 


( 10 - 19 ) 

( 10 - 20 ) 


is significant that Eq. 10-19 is a nondimensional expression, the tolerance 
e production range being dependent on the allowable increase in variable 
If this increase is by 1 per cent (i.e., p — 1.01), the limits of the production 

1 would be 

q = 1.01 ~ A ( 1 . 01 )- - 1 = 1.01 ± 0.142 

qi = 0.868 
qu = 1.152 


her words, the limits of the production range are 13.2 per cent below and 
aer cent above the minimum-cost batch size. These figures indicate that 
>tal production-costs function is very "fiat’’ near the point of minimum, 
more flat in the region where Q > Q m than when Q < Q m . Another signifi- 
feature of this function is the amount of flexibility that results when a 
aratively small increase in variable costs is allowed, and one must not 
that the increase in total production costs due to a deviation from Q m 
• he even smaller. If the variable costs are allowed to in crease by 5 per 
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cent (i.e., p = 1.05), the range is —27 to + 37 per cent, and when 10 per cent 
is allowed (or_p = 1.10), it becomes —36 to +56 per cent. The relation 10-18 is 
plotted in Fig. 10-8, from which the limits of the production range are readily 
obtained once the allowable increase in variable costs has been determined. 



1.0 2.0 3.0 4.0 

<7 


Figure 10-8. Determination of the 
production range. 


Conversely, when scheduling of a number of products is attempted, the 
desirable degree of flexibility in selecting batch sizes can be ascertained, from 
which the likely maximum increase in variable costs can be obtained by Fig. 
10—8. It is then the responsibility of management to decide whether these 
variations in production costs can be tolerated. 


Effect on production costs 

The effect of p on the total costs Y evidently depends on the ratio of 
constant costs per piece to variable costs per piece; the larger this ratio, the 
less is Y affected by p. The total costs may be expressed in a nondimensional 
form. From Eq. 10-16, 



~KQ m 


P 


KQ ni represents the carrying costs per piece when Q m is produced; hence the 
ratio KQ m jc is defined for a particular product under given circumstances. 
Substituting the ratio 


The cost function becomes 


s !Qm K-Qv 


Y 2p 

- = 1 +^ 
C IL 


(10-21) 


( 10 - 22 ) 


The minimum total costs are obtained when p = 1: 


Y* 

c 


1 +- 


(10-23) 





246 Production Planning and Control 


Hence the increase in costs dne to a deviation from Q m is given by 

AF r T U __P -1 
CCC iu 


II expressed in a ratio form, it can be shown that 

Ar _ g -1 
li m i U “T 1 


(10-24) 


This expression demonstrates clearly the effect of p. When the ratio u is large, 
a slight increase in p is unlikely to cause a noticeable change in the total produc¬ 
tion costs, thus leaving room for a wide production range to be defined, while 
when the ratio u is small, the reverse is the case. The relation between £ and u 
with p as a parameter, is plotted in Fig. 10-9. 

The futility of seeking a very accurate mathematical method to calculate 



Figure 10-9. Increase in costs per piece, 
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Q m is once more indicated by the preceding expression 10-24. Even if compara¬ 
tively large errors are incurred in determining Q m , the total costs are affected 
very little. 

Example 5 

When the minimum-cost batch size is produced, it is known that the variable 
costs constitute 25 per cent of the total production costs. If Q m is increased by 
20 per cent, what increase in production costs can be expected? 

Solution 

It is known that 2 KQ m jY m = 0.25. Hence 

= «+ ^ ! = J_ 

2KQ m 2 KQ m - 1 0.25 

or u ~ 6.0 


Q m is increased by 20 per cent, or 


Q 


9 Qm L20 


»-Ki +s H(os +L2 °) - L017 


The increase in production costs would be 


1 = 


p - 1 1.017 - 1 


= 0.0043, or by 0.4% 


-j - 1 3.0 -f 1 

Example 6 

It is required to establish the production range for the following data: 
Setup costs a = $1,000 

Carrying charges factor K — $0.25 x 10~ 3 per unit per day 

Constant costs per piece c == $2.0 

AEowable increase in costs per piece £ = 2.5% 

Solution 

First find the minimum-cost batch size: 


On 


Fhe ratio 




= 2,000 pieces 


= 4.0 


slQ m 1 , 000 / 2,000 

rhe factor p can be now be found, either from Fig. 10-9 or by Eq. 10-24: 

0.025 = P ~ 1 


>r 


2.0 + 1 
p = 1.075 
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And from Fig. 10-8 tins relaxation corresponds to 

qi = 0.68 

qn = 1-47 

the production range being between 1,360 and 2,940 pieces. 



Figure 10-10. Batch profit , s ho ten by 
shaded rectangle . 


Batch Size 1 


We have seen that when minim um production costs per piece are sought, the 
computed batch size is unrelated to the sales price of the article. Turning to 
another criterion by which success is often measured, we shall try now to find 
the batch size that yields maximum absolute profit. 

To conclude without further analysis that production at minimum costs also 
results in maximum profit for the batch would be fallacious. It is true that the 
profit per piece under these circumstances would be maximum, but the profit for 
the whole batch is also dependent on the number of pieces in the batch. As the 
total costs per piece rise very slowly beyond Q m . it is reasonable to conclude that 
when a batch size larger than Q m is produced, the total profit will rise. The 
batch size cannot, however, be increased too much; otherwise the production 
costs will rise to such an extent as to leave a very marginal profit per piece. In 
the extreme, too large a batch size will involve such high carrying costs that 
production costs would be equal or even higher than the sales price, leaving no 
profit at all. 

First It is necessary to express the profit in terms of the batch size. If Q pieces 
are produced at the costs of Y per piece and the sales price is Y' (see Fig. 10-10), 
the profit per piece is Y’ — F, and the profit for the batch is 


Z = Q(Y f - F) 


(10-25) 


This profit is denoted in Fig. 10-10 by the shaded rectangle, being the difference 
between the money earned (rectangle Y'Q) and the cost of production (rectangle 
YQ). Maximum profit is achieved when 



1 This section may be omitted at first reading. 
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or 

Y' - 

Substitute 

Y' = 

and 

d(QY) _ tfr 


djQY) 

dQ 


= 0 


s 

Q f 


dQ 


c ^ n ~~ 

K Q 


■)] 


Hence 


Q 


= c + 2KQ 
7 + KQ' - 2 KQ, = 0 


where Q P is the batch size yielding maximum profit. Therefore 

Qv= 2 ,{kQ' + 

When sjK — Q m 2 is substituted, we get 

r\ Qm( Qm . Q \ 

Q ’ - t{w + Q-J 

But by Eq. 10-19 

2 V<2' + QJ P 

where p 


Y' 


Y m - c 


(10-26) 


This expression is similar to 10-15, andp' gives a relation between the sales price 
and the minimum production costs per piece. Hence 


Qp P Qm 

or q = 9±=p' (10-27) 

Vrn 

As p f > 1 , the batch size giving maximum profit is larger than Q m , a conclusion 
already mentioned above. 

Example 7 

For the data given in Example 1 , find the maximum-profit batch size, if the 
sales price has been fixed to $10.50 per piece. W 7 hat profit per piece is envisaged? 
Solution 

, Y f — c 10.50 - 9.40 
P ~ F m -c “ 9.55 - 9.40 ~ 7-35 

It has already been found that Q m = 13,000 pieces. Therefore 


Q p = 7.35 X 13,000 = 95,500 pieces 
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The production of Q P involves an increase of variable costs by 



File production costs by Eq. 10-16 are 

Y = c- 2KQ a p = 9.40 + 0.15 x 3.74 = $9.96 per piece 
and the profit per piece is 

Y' - Y = 10.50 - 9.96 = $0.54 


It is also possible to arrive at the maximum-profit batch size Q p by a graphical 
construction based on Eq. 10-27. The minimum-cost batch size and the mini¬ 
mum costs per piece are first computed, and these coordinates describe the 
point *4 (Q m : Y m ) in Eig. 10-11. The constant cost per piece, c , is marked on the 
srdinate (point B). and the sales price is indicated by a horizontal line. Points 
4 and B are joined and the batch Q P is given by the point of intersection of this 
ine with the price line. Simple geometric considerations will prove that this 
construction is in accordance with Eq. 10-27. 



Figure 10-11. Graphical method for 
finding the maximum-profit batch 
size. 


As already mentioned, it is necessary to produce large batches in order to 
Lchieve maximum batch profit. The graphical method clearly illustrates that 
hese batches can be very large indeed when the constant cost content is rela- 
ively high. When compared with the minimum-cost batch size the maximum- 
>rofit batch has several noteworthy implications: 

1* batches have various technical advantages: The setup time per 

iece is reduced and hence the equipment can be more productively used; the 
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schedule becomes smooth and uninterrupted for a long time and gives more 
scope for improving production methods. In many cases a detailed method 
analysis in short runs would be impossible, whereas in long runs such a study 
may lead to saving in labor, materials, and overhead costs, thus reducing the 
total production costs per piece. 

2. In cases where the length of the production run is not linked with change 
in methods, the production cost function remains unchanged and higher costs 
per piece wall be incurred when Q P is produced. If Q v does not greatly deviate 
from Q m , the increase in price may not be too serious, as it was shown above that 
the total costs curve is usually quite shallow beyond the point Q m . Sometimes, 
however, such an increase may be undesirable if there is a likelihood of a change 
in pricing policy. In Example 7 the deviation from Q m is very marked, leading to 
an increase of 41 cents in production costs per piece (4.3 per cent) and a profit 
margin of only 54 cents per piece. If market conditions or competition force 
the manufacturer to reduce his sales price by only 5 per cent, he will scarcely 
make any profit. 

3. The product will remain a longer time in stock, leading to slower turnover 
of the capital. This slow turnover may greatly impede the activities of the 
organization, especially if its resources are limited. 

4. Last but not least, this criterion is misleading. True, the whole concept of 
profit per batch is largest when Q p is produced, but then (i) more money is 
required to produce the batch, and (ii) it takes longer for the profit to be 
realized. In short, as the consumption volume per annum is fixed, the total profit 
per annum is a maximum when Q m is produced and declines if Q P is produced; 
therefore both profit and capital turnover decline, and the realization of 
maximum profit per batch would appear to have little advantage (apart from 
the technical advantages associated with long runs). 


Maximum Return 2 

We have seen that the policy of maximum profit, which actually involves an 
increase in absolute profit at the expense of even a larger increase in the invest¬ 
ment required to execute the production run, may be regarded a poor way to 
evaluate performance. It would seem that profit should be measured not as an 
absolute figure, but at least as one in relation to the amount invested in produc¬ 
ing the batch. This approach leads us to the third criterion: the ratio of profit to 
the cost of the production run, or “return” tj. The cost to produce the batch is 
Q Y y and the return can be expressed as: 


£ QY' -QY 
V QY QY 


( 10 - 28 ) 


T 


Y 


1 


2 This section may be omitted at first reading. 
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In order to attain maximum return, it is necessary to have maximum Y '/ Y; 
i.e., a minimum value for Y. But minimum Y means that the batch is produced 
at mini mum production costs per piece. Hence, in order to have maximum 
return, Q m has to be produced, and it may therefore be said that optimal con¬ 
ditions as measured by these two criteria are achieved simultaneously. 

If Y and Y' are substituted by Eq. 10-22, the return of 77 becomes 

2»' -4- u 

v - 1 (10-29) 

2p — u 

_ P' - P 
71 p + iu 


The return is maximum when p = 1 : 


Vm = 


P'- 1 
1 -f- iu 


Performance can be now measured by comparing the actual return with the 
maximum return when a batch size Q is produced, and this measure becomes a 
kind of efficiency index. By using the above computations, this ratio is 


PL P' ~ P 1 + i u 

Vm~ P' ~ 1 Pite 


(10-30) 


What efficiency index can be expected when deviations from Q m are made? We 
have seen that the effect of such deviations on the production costs depends on 
the value of the factor p , which provides the basis for defining the production 
range. The departure of iq from the point of maximum depends on three factors: 
p, p\ and u. The return, 77 , is mainly sensitive to (p f — p), while the ratio u has 
a far lesser effect, especially when u is large. 


Maximum Rate of Return 3 

So far no account has been taken of the time during which sales and profits 
are effected. The time factor is of great importance when turnover of the capital 
is considered, as it would seem far more desirable to achieve the same return in 
a short period. 

A high rate of return implies that stocks should be kept at a low level and 
replenished at short interval times by small batches. If the batch size that yields 
maximum rate of return is called the economic batch size , it would appear that 
the economic batch is far smaller than the minimum-cost batch. 

The advantages of the economic batch size were first pointed out by F. E. 
Raymond (1930) and later by P. T. Norton (1933), wffio recognized the fact that 
production of economic batches will involve higher production costs per piece 


3 This section may be omitted at first reading. 
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than when Q m is produced; however, they suggested that economic batches are 
more profitable because a higher rate of return on the capital invested is achieved. 

If the rate of return obtained when Q m is produced is considered an acceptable 
one, it is possible to define a smaller batch that will yield the same rate of return. 
The smaller batch will entail higher production costs per piece, but this will 
require far less capital. F. E. Raymond proceeded to find this batch size by 
using his formula for the minimum-cost batch size, modified by introducing 
/1 instead of /, where the factor / “provides for the proper conservation of 
capital, 55 as he put it. The value of/as suggested by Raymond is 


/=i + 2; + 




[2(to/A)][l -(1/A T )] 


1 + 


/ + 


'Iky 


.4{1 - y[ 1 - (1 jX)]} 


w T here i is the rate of interest paid on the capital, and r is the rate of return 
normally expected on the invested capital, in excess of the interest rate. Raymond 
considered the range between this batch and Q m as the ‘'economic range/ 5 in 
which any selected batch size will yield at least the rate of return related to Q m , 
the maximum rate of return being located somewhere at the middle of the range. 
This batch can be computed by the same method, except that the factor/is 


/= 1 



i 


A similar method was advocated by P. T. Norton, who considered for 1 the total 
interest paid, as well as taxes, insurance, etc., and the desired rate of return on 
the capital. 

<?,= / ig . ~ 

V (r + i)c -j- 2B(l — y) 

where A = number of working days per year. 
r — desired rate of return. 
i — taxes, insurance, etc. 

B = storage costs per piece per year. 

In this method the interest is related only to the constant production costs 
and not to the total production costs. It is also based on the assumption that 
producers are free to select a desirable value for the rate of return with no rela¬ 
tion to the sales price. In practice, the sales price is often determined by con¬ 
ditions prevailing in the market, those due to competition or to the preparedness 
on behalf of the customer to pay what seems a reasonable price for the article. 
The sales price will have a direct effect on the batch size and will determine the 
rate of return that may be expected. 

Another method would be to find the rate of return in terms of sales price, 
production costs, and batch size, and then to maximize this expression. The 
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te of return is defined as the profit realized for every monetary unit invented 
;r unit time. The time during which the profit is obtained is the consumpt/ion 
sriod T c . Hence the rate of return R is 


R = 


T, 


by Eq. 10-28, 


R 


Tc \Y ) 


(10-31) 


In fact the rate of return may be slightly higher because not all the investment 
made before the run and some is paid during the production period in the form 
wages and even procurement of material. However, lor any plant these 
ctors remain fairly constant and do not affect the issue as far as batch sizes 
e concerned. 

By substituting Eq. 10-1, T c =Qla c , the maximum rate of return is 
itained when 

^ = 0 
dQ 

d (T 1\ _ n 
dQ\YQ Q/ a ° 

ence T 

dQ 

Y is substituted by Eq. 10-8 and 

d(YQ) 


= Y 2 


( 10 - 32 ) 


dQ 


c + 2 KQ 


e equation obtained for the economic batch size is 

&Q t 4 - 2K(Y' - c)Q » + (c 2 + 2sK - Y’c)Q 2 + 2 csQ e + a 2 = 0 (10-33) 

hile the batch size relating to maximum absolute profit has been shown to be 
rger than the minimum cost batch size Q m , the economic batch is smaller than 
*. This can be shown by substituting 

d(YQ) 


dQ 


= c + 2KQ = Y 


Eq. 10-32; hence 


(h~ KQ ) 




W - KQT 

Y 


ace Y' > Y, it follows that 


Q, 


> KQe 
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As already shown, at the point of minimum costs 


5 

Qm 

and from Fig. 10-3 it is clear that 


Q 


< KQ 


KQ m 


for Q >Q m 


and 


J > KQ for Q < Q m 


hence the economic batch size must be smaller than the minimum-cost batch. 

Equation 10-33 for the economic batch size is of the fourth order and may be 
expressed in a simpler form by the use of the definitions 10-15 and 10-17: 


or 


and 


Y' 


* Ym ~ C 

-c = p'(Y m -c) = p'2KQ n 

^ Qn, 


Hence 

or 


q 4 — 4 p'q* 4- 2(1 — up')q 2 + 2 uq + 1 


(10-34) 


By use of Eq. 10-18 this expression can be reduced to 

2 p'q 2 + (p' u — -p 2 ) <1 = 0 (10-35) 

This form is a quadratic equation, which is simpler to solve than Eq. 10-34, 
when all the factors are known. Admittedly, p is a function of q, but as p varies 
slowly with q (especially when q is high), the equation .can be solved by stages: 
First, it can be assumed that p = 1, and then a correction is introduced for 
p by use of Eq. 10-18. 

From Eq. 10-35 very simple approximations can be obtained for the evalua¬ 
tion of q. The solution depends on the value of u, which in practice is finite. If an 
extreme case is taken where u —> oo, Eq. 10-35 is reduced to 


or 



(10—36) 


At the other extreme, when u —> 0, Eq. 10-35 becomes 


2 p'q 2 — 2p\ = 0 


or 



(10-37) 


and the solution for q should in fact lie between the two extreme values obtained 
by Eqs. 10-36 and 10-37. When q is high, the solution obtained by these two 
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approximation!*! do not greatly differ from each other. A satisfactory method to 
compute Q (t would be to find q from Fq. 10 00, then find n. corrected value by 
successive u m of Eq. 10 37 (the calculation of p being based on Eq. 10 IH). 
Q m ban to be found, whereupon Q ( , t/Q m . 

Example <S 

The minimum-cost batch size is known to be 2,000 pieces. Find then economic 
batch size when the sales price yields a factor // 1.40. 

Solution 

From Eq. 10-36, 

The factor p, by Eq. 10-18 is 

V - 2 ('/ I J) = 2 (0 - 71 1 l ’ 40) lm 




4 further check will show that this is the solution of Eq. 10 ,‘17. The real value 
of lies between 0.71 and 0.77, depending on the magnitude of u. If u is high, 
i value for q nearer to 0.71 should be selected, while* for a small u, the solution 
or q will be nearer 0.77. When u —- 2, the value of c/ is about midway between 
'he solutions obtained from Eqs. 10-30 and 10-37; in our ease., 0.74. Suppose 
ve have u = 10. We should select a value for q between 0.71 and 0.74. Take for 
nstance, q = 0.73. Therefore 


Qc. = qQ m = 0-73 x 2,000 1,400.pieces 
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If the full equation, Eq. 10-34, is solved, it is found that q = 0.72, leading to the 
conclusion that the approximation method yields a very satisfactory result. 

Another method for computing the economic batch size is given by Fig. 10-12, 
where the factor p' is plotted against q with u as a parameter. The curves are 



1.0 0.9 0.8 0.7 0.6 0.5 


Figure 10-12. Xon-dimensional curves for computing the 
economic batch - 

based on Eq. 10-34 and provide a simple and convenient means for finding q 
when p' and u are known. The curves lie between two limits: one where u = 0 
(i.e., when Eq. 10-37 applies) and the other where u — oc (i.e., when Eq. 10-36 
applies). All start at the same point (q — 1.0; p' = 1.0), thereby showing how 
manufacturers are compelled to produce minimum-cost quantities when com¬ 
petition is severe and selling prices are comparatively low. The role of u is 
insignificant in this region, but its effect becomes more and more noticeable as 
the selling prices increase. 

Figure 10-13 has a similar series of curves, except that the ratio Y / jY m is 
plotted against q. The relation between Y'j Y m and p r is readily obtained from 
Eqs. 10-22 and 10-23: 

jr __ u + 2p r 

Ym~ U+ 2 

If the ratios Y'j Y m and u are known, the value of q is immediately obtained 
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without necessarily having to calculate p r . It is clear from Figs. 10-12 and 10-13 
that reduction of setup costs will reduce the economic batch size, both because 
q becomes smaller (owing to reduction in u) and because Q rn is smaller (see 
Eq. 10-9). 



Figure 10-13. Xon-diinensional curves for computing the 
economic batch. 


It is interesting to study the variations in rate of return when a batch size is 
selected. A convenient basis for comparison would be Q m . The rate of return has 
been defined as 



Hence — = JL Q? _ JL* (10-38) 

R m Vm Q VmQ 

hhm) < 1, it is clear that producing batches larger than Q m will adversely 
affect the rate of return. 
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The adoption of the economic batch size, leading to the production of a 
smaller batch than Q m , has some noteworthy features when compared with Q m : 

1. As in the case of the maximum-profit batch size, higher than Y m produc¬ 
tion costs per piece are incurred. However, now we are below Q m , where the costs 
function is steep (Fig. 10-3) and far more sensitive to the batch size than it is 
beyond the point Q m . 

2. Less capital is tied to a particular production run. 

3. Production time is shorter; hence production techniques may not get a 
chance to become fully developed as in long runs, when production rates could 
be greatly improved. Also, short runs increase the relative length of setup time 
and nonproduction time of the equipment. 


Comparison of the Various Criteria 4 

Some of the implications resulting from the selection of batch sizes were 
discussed above, but it is useful to illustrate some of these effects by an example: 
Suppose the-parameter u = 5.0 (i.e., the variable costs constitute 28.6 per cent 
of the total production costs) and p r = 1.40 (the sales price in this case being 
11.4 per cent above Y m ). The effect of batch size on the variable costs factory, 
production costs per piece, costs per batch, profit, profit/cost of production, and 
rate of return is given in Table 10-1, and some of these functions are shown in 
Fig. 10-14, the results for Q m being taken as 100 per cent. 

Table 10-1 


Effect of Selecting a Lot Size 
( p ' = 1.40; u = 5.0) 


a ^Q 

{Variable 

Costs per 

Cost of 

Profit 

Profit 

Rate of 


costs ): {Min. 
var. costs) 

piece , 

Y 

Production 


Cost of 
Prod. 

Return 

0.50 

F 

1.250 

107.1 

53.6 

18.8 

35.1 

70.2 

0.60 

1.133 

103.8 

62.2 

40.0 

64.2 

107.0 

0.70 

1.064 

101.8 

71.3 

58.8 

82.3 

117.6 

0.73 

1.050 

101.4 

74.1 

63.9 

86.2 

118.1 

0.80 

1.025 

100.7 

80.6 

75.0 

93.1 

116.4 

0.90 

1.005 

100.1 

90.1 

88.8 

98.6 

109.6 

1.00 

1.000 

100.0 

100.0 

100.0 

100.0 

100.0 

1.10 

1.005 

100.1 

110.1 

108.6 

98.6 

89.6 

1.20 

1.017 

100.5 

120.6 

114.9 

95.3 

79.4 

1.30 

1.034 

101.0 

131.3 

119.0 

90.6 

69.7 

1.37 

1.050 

101.4 

138.9 

119.9 

86.3 

63.0 

1.40 

1.057 

101.6 

142.2 

120.1 

84.5 

60.4 

1.50 

1.083 

102.3 

153.5 

118.9 

77.4 

51.6 

1.60 

1.113 

103.2 

165.1 

114.8 

69.6 

43.5 

1.70 

1.144 

104.1 

177.0 

108.8 

61.5 

36.2 

1.80 

1.178 

105.1 

189.2 

99.9 

52.8 

29.3 

1.90 

1.213 

106.1 

201.6 

88.8 

44.1 

23.2 

2.00 

1.250 

107.1 

214.2 

75.0 

35.0 

17.5 


4 This section may be omitted at first reading. 
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4n increase of 25 per cent in variable costs causes in our case an increase of 
per cent in total production costs. The cost of production obviously increases 
th the batch size, but owing to the increase in costs per piece, the cost of 
xluction is more than doubled when the minimum-cost batch size is doubled 
= 2.0). The profit function is maximum at q ~ 1.4 and is 20 per cent higher 
in the profit at Q m? but cost of production tied to the production run is 
per cent higher, the ratio of profit to cost of production is down 15 per cent and 
:e of return is 40 per cent lower and only about a half of its maximum, 
ixixnum rate of return is obtained at q = 0.73, and these two batch sizes are 
proximately the limits of the production range for p = 1.05. Ratio of profit 
cost of production for the economic batch size is about the same as for the 
her end of the range, but the cost of production for the batch is almost halved. 
The advantages of the economic batch size are self-evident from Tig. 10-14, 



Figure 10-14. Some effects of selecting batch sizes . 
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and unless special benefits are to be gained from a larger batch (such as better 
production methods, or envisaged changes in labor and materials costs), it is 
preferable to the other criteria for the choice of batch sizes. The function of rate 
of return is, however, very sensitive to the batch size, and this fact leaves little 
room for flexibility in the form of production ranges for scheduling purposes. 
Moreover, below the point of the economic batch, both the return and rate of 
return deteriorate very quickly. A change in pricing policy may adversely affect 
both the return and rate of return. 

It would appear from the above that in most cases the best production range 
should probably lie between Q e and Q m , provided the production costs at Q e 
are not too high. This range, however, may prove to be too narrow and may have 
to be expanded when scheduling difficulties arise. The range Q e to Q m may be 
termed the economic production range. 

Example 9 

The sales price of a household article is $11.50. It has been established that 
minimum production costs of $9.75 can be attained when a batch of 10,000 is 
scheduled. State the economic production range, if management’s policy clearly 
states that production costs should not exceed $10.00 per piece. It has also been 
established that u = 7.5. 

Solution 

The given data are as follows: 

Y' = $11.50 
Y m = $9.75 
Y ^ $10.00 
Q m = 10,000 pieces 
zi = 7.5 

The economic quantity is obtained from Fig. 10-13: 

n = i^ = i.i8 

Y m 9.75 

This value corresponds to q — 0.56 (when u — 7.5), or 

Q e = q x Q m = 0.56 X 10,000 = 5,600 pieces 

Had there been no restrictions on the production costs, the economic range 
would have been defined as between 5,600 to 10,000 pieces. It is necessary to 
check whether this range complies with the additional restriction. 

If Q e is produced, the p factor would be (by Eq. 10-18) 
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From Eqs. 10-22 and 10-23, wo know that 

Y i* | 2/> 

■ ■ - sas 

n» «i a 

Hence, when Q e is produced, we shall have 

1 um 
y, 7-o -i 

The restriction in our case states that 


Y LOGO 
Y m < 9.75 


1.025 


Hence the economic batch cannot be produced without causing too high costs* 
To find the lowest acceptable batch, first find p from 


Y u "f* 2 p 
Y m = u+ 2 


or 


1.026 = 


7.5 + 
0.5 


p 1.125 

From Fig. 10-8 or by Eq. 10-10, 

q =p - Vp 2 ~ 1 =» 1.125 a/(1.125)® I 0.01 

or Q 6,100 pieces 

The economic range is therefore modified to 6,100 to 10,000 pieces. 


Summary 

In batch production a stock control is required to ensure that stock levels are 
adequate to meet demand but not too high as to cause excessive storage costs 
and low capital turnover. It is therefore desirable to include optimal batch sizes 
in the production schedule. Three optimal batch-sizes can be defined. 

(i) A minimum-cost batch size, which ensures that the production costs per 
piece are minimum; this batch also yields a maximum ratio of profit to cost of 
production. The minimum-cost batch should be preferred in oases of keen 
competition or likely changes in pricing policies. 

(ii) A maximum-profit batch size, which yields a maximum profit per batch 
and is larger than the minimum-cost batch; this batch involves, however, a 
high investment and results in a low capital turnover and low profit per annum. 

(iii) An economic batch size, which yields a maximum rate of return and is 
smaller than the minimum-cost batch; this batch should be preferred, unless 
special benefits are to be gained from longer production runs. 
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The computation of optimal batch sizes by itself is not enough, since a certain 
amount of flexibility has to be allowed for scheduling purposes. This flexibility 
is achieved in the form of permissible deviations from the optimal values by 
defining production ranges within which any batch size may be safely selected. 
There are two such ranges. 

(i) A production range, wilich is defined by the permissible increase in total 
production costs above the minimum costs; this range extends from a value 
below r the minimum-cost batch size to a value well above it. 

(ii) An economic production range, winch is defined by the smaller of the 
two following ranges: 

(a) A production range determined as in (i) but having the minimum -cost 
batch as its upper limi t. 

(b) A range having the economic batch and the minimum-cost batch as its 
two extreme limits. 

The economic range ensures that the final selection of the batch size results 
in a better rate of return; however, if the limitations by which the range is 
defined are too tight, little room for flexibility is left. 
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Problems 

1. The production of an article involved machine setup and preparation costs 
amounting to $12,000. The constant costs for each article were 
Materials costs . . .. 15 cents 

Labor costs .. . - -. 4 cents 

Overhead .. .. .. 6 cents 

The interest paid on the capital was 12 per cent. The time taken on the first 
operation was 8 min., while the total time required for all operations was 100 
min. The volume of the article is given as 0.01 cu. ft., and the rate of consump¬ 
tion was uniform at 20 per day. It was decided to divide the produced batch 
into three lots, each of which is finished before the subsequent batch is 
started. Assume that the setup costs do not increase appreciably by the 
division of the batches into lots. 
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Compare the minimum-cost batch sizes obtained by the use of formula 
10-9, and Camp and Raymond formulae, when the rate of production is 
given as (i) 500 per day, (ii) 200 per day, and (iii) 80 per day, and when for 
each of these eases the storage charge is: (a) 0.1 cent per cu. ft. per day; 
(b) 0.2 cent per cu. ft. per day; (c) 0.3 cent per cu. ft. per day. 

Demonstrate' the effect of these variables on the results by plotting the 
batch size against y when b — 0.1 cent per cu. ft. per day and against b when 
a P = 200 per day. 

Find the total costs per piece according to the three formulae for the case 
b =0.1 cent per cu. ft. per day when — 200 per day. 

Xote: Assume there are 300 working days in a year. 

2. In connection with batch production, the following data is known: 

Preparation costs: $1,500. 

Rate of production: 2,000 per day. 

Rate of consumption (linear): 500 per day. 

Storage charges: $3.00 per piece per annum. 

Materials, labor, and. overhead costs: $2.00. 

Rate of interest: 9° 0 per annum. 

(i) Find the effect of splitting the batch into lots (up to 10 in number) by 
using Raymond's formula. Plot batch size against number of lots and 
compare these results with formula 10-9. Assume: 

k = 0.6 

.4 = 1- 0.05pf-l) 

The setup costs will increase with the number of lots introduced, being 1,400 
- 100A' dollars. 

(ii) Find the total costs per piece when Q m is produced. 

(iii) Find the rate of rexum (for A" = 1). 

fiv) Calculate the cost of the production run. 

3. In Problem 2 the sales price is 20 per cent above the minimum costs per piece. 

(i) Find the economic batch size (for A" = 1). 

(ii) Calculate the production costs per piece. 

(iii) Find the rate of return. 

(iv) Find the cost of the production run? Compare these results with those 
obtained in Problem 2. 

4. The constant costs per piece are known to be $4.00, the carrying charges factor 

K = 0.5 >: 10 “ 3 dollars per unit per day, and the setup costs per batch are 

$ 10 , 000 . 

Find the production range if the allowable increase in total costs per piece 
is 2 per cent above the minimum costs per piece. 

5. In Problem 4 define the economic production range, if the sales price is fixed at 

16 per cent above the minimum costs per piece. 

6. In Problem 4: (i) define the economic production range, if the sales price can be 

fixed at 10 per cent above the production costs; (ii) find whether the maximum- 
profit batch size lies in the production range when the sales price is fixed at 
10 per cent above the production costs. 
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(i) Show that when a batch Q Is produced, the ratio of profit to that which 
might result if Q m were produced is 

Z p' — p 
1T m = q P' - 1 

(ii) Find when this ratio becomes a maximum. 

(iii) Given p' = 1.4, plot the change of ZjZ m with q. 

8. The economic batch and the maximum-profit batch involve approximately the 

same production costs per piece. Discuss this statement. 

9. An analysis of the production costs of a shaft produced in batches revealed the 

following data: 

Constant costs per piece: $2.20. 

Minimum total costs per piece: $5.20. 

Setup and preparation costs per batch: $4,000. 


Due to difficulties in scheduling, it was decided that the total costs per piece 
should be allowed to increase by a maximum 6 per cent. 

(i) Find the economic production range of batch sizes that could be 
scheduled. 

(ii) If the setup costs could be halved, how would this range be affected? 

(iii) If the sales price is $8.00 per unit, find the quantity that yields maxi¬ 
mum profit. Should this batch size be adopted? Why? 


10. A batch Q is produced during the period T v at the rate of a v imits per unit time. 
The consumption takes the form of y — A -j- Bx n , where y represents the 
number of articles in stock and x is the time. Assume an initial consumption 
of — ma c , where a e represents the theoretical uniform consumption and 
m > 0. 

(i) Find the general formula of the consumption curve. 

(ii) If T c is the consumption period of the stock Q for the case of a uniform 
consumption (i.e., n — 1 in the formula and x — TJT C ) 9 show that for 
any value of n : 



Assume: 


a v = 200 articles per day 
a c = 20 articles per day 


Q = 6,000 

771 — 1 

% = 4 , n 2 = 1 , n 3 = 2 

Compare the consumption periods for the three cases. 

(iii) For m — 1, show how the minimum-cost batch size can be found. 


Assume: 


a p — 200 articles per day 
a c = 20 articles per day 
n x = 4, n 2 = 1, n z — 2 
Setup costs, a = $600 
Interest rate, i = 10% p.a. 


Cost per piece, c = $0.50 
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Find Q for these three eases. 

fiv) For the data given in (iii) find graphically the value of the time interval 
(between two successive production periods) and the value of the 

minimum stock Q 0 . 

11. A product, for which it is known that u = 4.0, is produced in a quantity which 
results in an increase of 6 per cent of the variable costs above the minimum. 
What increase of total costs above T m should be expected? 

If. Hot curves to show how the ratios and RjR m change with q . 

IS. A stock Q is produced at a rate of a v units per day for a period T v . It is then 
necessary to leave the batch in stock for a period T di during which sorting, 
inspection, and painting are carried out. A quantity Q x is then supplied to the 
assembly line at the rate of a units per day for a period T c . The supply to the 
assembly line is intermittent, so that after a supply period T „ there is an 
interval F a before supply is resumed for another period T c , and so on. 

(i) Draw the change in stock level for the four cases: 

Tq > T p + T d 
TpP T d > T 0 > T d 
T d > T q > 0 
To = 0 

iii) If it is desirable to have minimum costs per unit, what is the optimal 
batch Q that should be aimed at in each case? 

| iii) What is the level of minimum stock in each case? 

14. In the previous problems, T d was held constant. Suppose that it actually varies 

linearly with the batch size Q (due to the fact that when a larger quantity is 
produced, more time is required to complete the various necessary operations 
in the store); how would you determine the optimal batch size? 

15. A survey of the stock control policy in a plant producing furniture by mass 

production methods yielded the following data: 

A batch of components Q is produced at a rate of a v units per day for a 
period T T and then the batch has to be delayed in the store for a delay period 
T& for marking, polishing, and inspection before it can be issued to the 
assembly line. If the supply to the assembly line is continuous (at the rate of 
a units per day), and if it is undesirable for the stock level to come down 
below a safety level <?©, find the optimal batch size for minimum costs per 
unit. How would you present your solution to the production department? 
Detail your suggestions by adding an appropriate drawing of stock-level 
changes and by explaining how your solution could be applied. 

For one component the rate of production is 1,000 per week; rate of supply, 
120 per week; the delay period, T d = 2} weeks. If s = $720, I = $0,082 
unit per day, B = $0.0014 unit per day, and c = $4.08 per unit, 
li) Find the optimal batch size. 

What is the minimum safety stock Q 0 ? 
fill) Plot the function of unit costs. 

i iv) What are the limits of the production range if the costs per uni t should 
not exceed 0.25 per cent above the minimum costs? 
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BATCH-SIZE DETERMINATION 
UNDER BOUNDARY CONDITIONS 


Considerations of the optimal batch size in the preceding chapter were based 
on the assumptions that 

(i) The constant cost term, c, remains constant, irrespective of the 
quantity produced. 

(ii) The carrying costs factor, K, is unaffected by the batch size {the 
carrying cost term KQ continuously increasing with Q). 

(iii) The cost of preparation, 5 , for production of a batch is the same, 
whatever the size of the batch. 

In this chapter we shall examine these assumptions in more detail; it would 
particularly be useful to study the effect of abrupt changes in any of these three 
factors on the total production costs function, on the optimal batch size, and 
on the production range. Since the optimal batch sizes judged by various criteria 
are all related to the minimum-cost batch size Q m , we shall confine our remarks 
in this chapter to Q m . 

Abrupt Changes in the Constant Cost Term, c 

The constant cost term, c, was defined as the cost of materials, labor, and 
certain overhead, and it was assumed that the cost of these items increases 
linearly with the quantity produced, so that the cost per unit remains constant. 

In practice, however, we find that c is likely to be affected by the quantity Q. 
As the quantity planned for production increases, there is more scope for im¬ 
proving work methods, investing in better aids to production, and planning the 
work-place layout and the flow of materials and products. These improvements 
affect the preparation costs per batch s, but they may often lower the labor 
costs and hence the term c. Similarly, the materials cost content may be 
lowered if discounts are allowed when larger quantities are purchased. The 
reduction in c may take two forms (Fig. 11-1): 

1. Cost factor, c, may slowly decline as the quantity Q increases; say, as a 
linear function (which may often be considered a reasonable approximation if 

1 This chapter may be omitted at first reading. 
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le range of Q that we are interested in is not too wide). In this case c may be 
^pressed as 

C =C 0 - PQ 

here /? describes the rate of decline in c. The total production costs per unit 
ecome 

Y = c 0 ~ PQ-‘- + KQ 
=, c 0 - i - (A' - p)Q 



Q x Q 


to (b) 

Figure 11-1. Changes in the cost term , c.* 

(a I Gradual (linear) change. c=c 0 — fiQ 
(b) Abrupt change 


he analysis of the minimum-cost batch size is not fundamentally affected, since 
he cost function is still a continuous one and all we have to do is to substitute 
Q for c and K — 8 for K in the results obtained in the preceding chapter. Hence 
he minimum-cost batch size would be 

<? ra = 

2. Cost c may abruptly change at a certain quantity x and decline from c ± 
o cv This often occurs because of discounts allowed in the purchase of materials, 
he cost per unit being constant until x is reached but subsequently reducing 
o a lower level. There may, in fact, be more than one “break” 2 in the cost term 
, depending on the discount terms. If the cost of preparation $ and the carrying 
ost factor K are unaffected, the total cost function (Fig. 11-2) is 



For Q < x: 



For Q ^ x: 



- The term price break was used in “Introduction to Operations Research,” Chapter 9, 
v" C. W. Churchman, R. L. Aekoff, and E. L. Amoff (John Wiley & Sons, Xne., 1957). 
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tvidently, the point at which the total costs become minimum does not change, 
3 Q m = 's/sjK for both cases. 

The total cost function follows curve 1 up to Q = x and then follows curve 2. 
he questions that we have to study are: When is the cost function at x lower 
ran the minimum cost Y mi and what effect does the price break have on the 
roduction range? 



Figure 11-2. Total cost function iciih 
an abrupt break in c. 


Clearly (Fig. 11-2). the mathematical optimum (derived from d¥ dQ = 0), 
hich is located at Q m , is on curve 2 when Q m > x and on curve 1 when<? ra < x. 
a any event the cost function at x is higher than the costs at the optimal point 
f the second curve ( Y x > 7 2m ). Hence, in the first case (namely. Q m > x) r the 
linimuin costs would occur at Q m . In the second case [Q m < a*), 1 x would be 
>wer than the costs at Q m , provided the reduction in c is large enough, as 

I x = c 2 -f- 2pJ^Q 7n 

nd Y lm = C 1 ~T -£Qm 

here the suffixes 1 and 2 relate to curves 1 and 2, respectively. 

‘he relation Y x ^ Y lm applies when 

C 2 -f~ 2pq,&-Qm ^ V ~£Qm 

r — c 2 = Ac ^ 2KQ m (p2 — 1) (11—I) 

If t his condition is satisfied, we can proceed to find hat quantity x 2 corre- 
ponds to Y lm (see Fig. 11-2), so that by specifying any quantity between x and 
2 , we shall have total production costs per unit lower than those obtained at 
» m . Similarly to Eq. 11-1, Y Xi = Y lm yields 

Ac = 2KQ m (p, - 1) 

Ac 


P2 = 1 


'2KQm 
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but 


and 

where 

or 


Ac _ _£? _ Mj — u e = Am 

= 1 + 

e = Pi + v> 2 2 - 1 



5=14- bAu + VA u + (Am) 2 


as shown graphically in Fig. 11—3. 


( 11 - 2 ) 



Figure 11-3. Quantity q yielding mini¬ 
mum costs Y m tchen a reduction Au 
occurs at the boundary . 


If a maximum level T mitr is not to be exceeded, the production range would 
have been Qi 2 to Qjj j, had there been no break in c (curve 1), or Qi 2 to Qn 2 , had 
curve 2 been the only one to portray the change in total costs per unit, where 

ifrom Chapter 10) 

Qll = QmlPl - — 1 ] 

On1 = QmlPl + a/P i — 1 ] 

Qll = QmlPl - \fp? - 1 ] 

Qlli = QmlPl -T a/P i — 1] 

and the relation between p x and _p, is obtained from 


Pi = 


r-ci 


P 2 = 


Y — c 2 


p2 = Pi + iAtt 


or 


( 11 - 3 ) 
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The limits of the production range would therefore be: 
When x < Q l2 : 

Lower limit, Qj = Q l2 
Upper limit, Qu = Q Il2 

W r hen Q l2 < x < Q lx : 

Lower limit, Q ± = x 
Upper limit, Qu = Quo 


When Q Ix < x < £>m (see Fig. 11-4): 


Lower limit, Qi = Q Tl 
Upper limit, Q u = Qu 2 



Figure 11-4. The production 
range in case of a break in c 
ichen Qi 1 <x< Q Ul 


When, however, <2m < x < Qu 2 , there would be two production ranges (see 
Fig. 11-5): 



Figure 11-5. The production 
ranges in case of a break in 
c when Q\ j x < x < f>n 2 . 


Upper limit, Qm 


Second range: 


Lower limit, x 
Upper limit, Qu 2 
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’inally, when Qu 2 < z: 

Lower limit, Qi = Qh 
Upper limit, Q u = <2iii 

! hese five situations are summarized in Fig. 11-6, which gives the upper and 
Dwer limits for each case. 



: The production range 



Figure 11-6. The production range 
when a break in c occurs at x* 


Breaks in the Carrying Costs Factor, K 

When a certain quantity x is reached, we may find that a reduction in the 
'arying cost factor becomes possible, owing to one or a combination of the 

olio wing reasons: 

Better credit terms, leading to reduction in the interest charges per unit 
Reduction in the constant cost c; hence lower interest charges per unit 
With increased production we may offer better terms and expect an increase 
in the consumption rate 

At certain quantities it may pay to improve storage methods so that storage 
charges per unit may become lower. 



Figure 11-7. Production costs curves 
for the values of K. 


f the carrying costs factor K reduces at Q == x from K 1 to K 2 , we get a new total 
■osts curve, as shown in Fig. 11-7. Q lm is the minimum point on the first curve; 
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^ 2 m> on the second. If we assume that c and s remain unchanged when we move 
from curve I to curve 2 because of a break in Jt lJ then 


Q lm = (a/ZJi /K* y x 
m 2 y-~\Kj 


(H-4) 


where * — K^jK^ As ii 2 < iT ls it follows that @ 2m > <2 lin . It can also be shown 
that 


y <- y 

The relation between the p factors is obtained from 


(curve 1) 

7 - c 

Pi ~ 

ZKlQlm 

(curve 2) 

7-c 

f)o — - 

2K 2 Q 2m 



Qi Q,m o 2m 


Q i 



Figure 11-8. Three cases of a 
break in K. 
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Pi KjQlm / K«\l 

Pi -^iQlm \-^l/ 

Pi = PiX k (11-5) 

The total costs curve is a combination of curves 1 and 2, following curve 1 up 
to the break at Q — x and then proceeding along curve 2. Three situations may 
arise (see Tig. 11-8). 


Hence 

or 


Case (i) 


x < Qlm 


Since any point on the portion left of curve 1 is above T lmJ and as Y 2m is even 
lower, the optimal point is obviously at Q. lm . From the point of view of minimum 
costs per unit, it is therefore advantageous to operate beyond the breaking 
point. 


Case (ii) 


Qlm < x < Qlm 


The combined total costs curve has now two optimal points, of which Q lm 
would correspond to lower costs; so, again it is advantageous to operate beyond 
the breaking point in order to reduce production costs per unit. The interval on 
curve 2 below Y lm is x to x 2 , similar to the one shown in Fig. 11-2. The costs at 
x 2 are Y x2 — Y lm . From Eq. 11-5, 


but here 


Pl = P^ 
Pi = 1 
P 2 = ^ 


Since 


q = 


x* 


Q'2’. 


■ Pi — V py — 1 


tm 


L = K -l ~ V/c-i 

Qlm 

= k ~*(1 


V 1 - 


or, by Eq. 11-4, 


Case (iii) 


; = ^!(l+ V'l 

K 


'*) 


( 11 - 6 ) 


Qlm < * 

This is somewhat similar to the case of Fig. 11-2. The total costs curve has 
only one mathematical minimum point (at Q lm ), but costs at x may be lower; 
again, if they are, the interval x to x*> is better than Q lm (x 2 being obtained by 
Eq. 11-6). 

As to the production range, the results obtained for a break in c apply here 
as well, and essentially Fig. 11-6 represents these results graphically (but 
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instead of one optimal point Q m , two should be marked when a break in K 
occurs). When the break is at x below I 2 , the production range is between I 2 
and II 2 . The upper limit remains at II 2 until x reaches the point II 2 , and then 
the upper limit falls to 11^ The lower limit is x between I 2 and I 1? and then 
remains at I x . 3 Between II X and II 2 there are two ranges, but the second one 
narrows as x increases. 

Breaks in the Preparation Costs, s 

Investing in better production planning or production aids (tools, jigs, hand- 
ling systems, loading and unloading devices, inspection methods, etc.) often 
means that there is an abrupt increase in the preparation costs s } and such 
additional expenditure may be worth while undertaking when a certain quantity 
Q — x is reached. Suppose that c and K remain unchanged, but that the pre¬ 
paration costs increase abruptly from s 1 to s 2 (as, for example, in Fig. 11-9). 



Figure 11-9. A break in s. 


Again, there are two mathematical optimal points, Q lm on curve 1 (which in¬ 
volves sj and Q 2m on curve 2 (which involves s 2 ). It is simple to show that 



where s 2 js 1 = v. The break in s may occur at three points: 
Case (i) 


X < Qlm 


(11-7) 


The mathematical optimum would be at Q 2m , but the costs at x may be lower, 
provided 

P ! < y* (11-8) 


where 


Pi = 


T x -c 

'2KQ lm 


s Note that Qn, and ^ IXl can be computed, provided p 1 > 1.0; otherwise F maY < l r lm , 
which means that the whole of curve 1 is above the maximum allowable production costs. 
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If Eq. 11—S is satisfied, an interval x 2 to x would involve lower costs than 
Y m : z, is derived in a similar way to expression 11-6, except that now 

„<n-9> 

Case ml 

Q±m ^ **" ^ Q2.n1 

There are two optimal points at Q lm and Q 2m , the second being the lower of 

the two. The interval x to z 2 below Y lm is obtained as in (i). 

Case mi) 

Q 2m < x 

There is onlv one optimal point at Q lm . As the portion of the cost curve beyond 
4>. 5 _ involves higher costs than Y 2m , and as Y lm is even lower, it follows that 

operating before the breaking point is advantageous. 



The production range ; 

Q, - 

o:*- 

1,-— lower limit Figure 11-10. The production range 

|,- £- -—- for a break in s at x. 

i- i 2 O..Q : , n 2 I, 

X - 

The effect of a break in s on the production range is shown in Fig. 11-10. 
It differs from the previous two cases in that curve 2 is now above curve 1 and 
the range. L-IL. is therefore wider than I 2 -XX 2 . The reader can try to plot 
several situations in which a break in s occurs, to verify that the production 

range is indeed as shown in Fig. 11-10. 

Combined Breaks 

It was assumed above that when a break occurs, it applies to one parameter 
at a time, while the others remain constant. However, breaks in two or even 
tnree cost terms may often occur simultaneously. In fact a break in one para¬ 
meter may often lead to a break in another; for instance, a reduction in cost of 
materials often implies a reduction in interest charges per unit, and similarly, 
an increase in preparations costs may reduce labor costs and thereby the interest 
charges. 

It is useful, therefore, to study the effect of a simultaneous multibreaks situa¬ 
tion where, at Q = x: c 2 reduces to c 2 , reduces to ATg, and s x increases to s 2 . 
The eases discussed above for single breaks may in point of fact be considered 
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special cases of this general problem, case 1 (a break in c) being derived when we 
put K 1 = AV, s 1 = s 2 ; etc. 

Curve 1 (prior to the break) is described by 

Ti = <a + | + ZiQ 

and curve 2 (after the break) by 

r 2 = c 2 + ^ + k 2 q 

Q 

The relation between the two optimal points, Q lm and Q 2m , is 


^lm _ / Vgx V _ v - ifc s 
$2m \ s 2I 2/ 

and as K < 1 and v > 1, it follows that 


( 11 - 10 ) 


Q‘2m > 

If a certain F max is not to be exceeded, then 

1 max = + 2^ 1 A 1 <) lm (on curve 1) 

r max = c 2 + 2p 2 A 2 $ 2m (on curve 2) 

• • C'l “T" -Pl^lQlm = ^2 “T 

or (u x -j- 2p 1 )A 1 Q lm — (u 2 4- 2p^D 2 Q 2m 

Substituting Eq. 11-10, 

% + 2;Pl = (vk)» (11-11) 

« 2 + 2p 2 

Special cases 

1. A break in c only: vk = 1; hence Eq. 11-3. 

2. A break in K only: u Y = u 2 k-, v = 1; hence Eqs. 11-4 and 11-5. 

3. A break in 5 only: u x = u 2 v*, jc = 1; hence Eq. 11-7. 


Summary 

Price breaks may occur at certain production or procurement quantities 
owing to improved production methods, to heavier expenditure in better 
production aids, and to discounts in the cost of materials (if bought in large 
enough quantities). The total costs curve is obtained as a combination of costs 
curves prior to and after the break, and if this break is abrupt, the final costs 
curve becomes discontinuous at the breaking point. Effects of price breaks on 
the optimal point and on the production range are worthy of study so that we 
may determine when and how to take advantage of such breaks. The treatment 
in this chapter is limited to those situations where abrupt breaks occur in the 
cost of materials, in carrying costs, in preparation costs, or in combinations of 
all these three factors. 



278 Production Planning and Control 


Problems 

1. In the case of a break in c, when condition 1 is satisfied, the interval x to x 2 is 
below F lw (Fig. 11-2). Show that if £m is comparatively large 


7 



where 




Qm 


Find the error incurred by this approximation when A u = 3; 5; 10; 20. 


2. In the case of a discontinuity in the carrying costs factor, when K changes 
abruptly from FT* to K z at a certain quantity Qi m <x 1 <Q 2m (while s and c 
remain unchanged), show that if k — K 2 /K l9 


(i) 

(ii) 


u 2 

Yim _ + 2k-* 

Y 2m u 2 + 2 


(iii) Prove that Y Zm < Y lm [not by (ii)]. 

3. For a break in s (Fig. 11-9), (i) prove Eqs. 11-8 and 11-9 in the text; (ii) show 

that Q lm >Q 2n ; (iii) show that Y lm < Y tm . 

4. For the case of a break in c, K, and s, all occurring at Q = x as described in 

‘"Combined Breaks, 5 ’ page 276; 

(i) Draw the total production costs function when the break occurs 
before Q lm ; between Q lm and Q Sm ; after Q 2m . 

(ii) If Fi is the total cost described by curve 1 (before the break) and F 2 
is the total cost described by curve 2 (after the break), state under 
what conditions Y 2 < Y 2 for any Q. Is it possible for the two curves 
to intersect, so that Y 1 — F 2 ? 

(iii) Under what conditions is F 2m < Y lm ? 

(iv) Suppose the condition for (iii) is satisfied; find the interval x to 
that would involve lower costs than F 2m . 

(v) What effect would the break have on the production range if Y 2m 
< Y lm and if a certain Yj^ should not be exceeded? 

5. For a given product it is known that: 


Q = $5.00 
5 = $1,500 
K = $1.5 x 10- 3 

When Q = 2,000 units, there is a drop in c to $4.00; in K to 1.2 x 10~ 3 ; and 
a rise in s to $2,000. For Q = 4,000 units, c reduces further to $3.80; K to 
1.0 x 10 -3 ; and s rises to $2,500. 

(i) Plot the total production costs function. 

(ii) Find the production range when p x = 1.0 5; p x = 1.10, where p 1 

(iii) Find the economic production range if the sales price is given by p\ 

= 1 . 20 . 
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6. A store orders a product for which the following data are given: 

c - $10.00 
5 = $2,500 
a c = 20 per day 

Interest, i = 0.25 x 10 ~ 3 per day 

Storage costs are negligible. The sales price is fixed at 20 per cent above the 
minimum point of total costs. Suppose that- the rate of consumption increases 
linearly with reduction in the sales price, and that if the sales price were to 
reduce by 10 per cent, demand should increase by 20 per cent. 

If a quantity of 12,000 were to be ordered, a break in c would be expected 
from $10.00 to $8.00. 

(i) Plot the total costs function. 

(ii) Comment on the effect of the break on the point of minimum costs 
and suggest a range in which p x will not exceed 1.06. 
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MACHINE CAPACITY 


Once the production quantities have been ascertained (either by definite 
orders or through batch-size calculations in the case of batch production) and 
the operation sheets have been worked out, we are in possession of the basic 
data required for machine loading and scheduling. We know now: 

1. The breakdown of operations and the sequence 

2. How long each operation should take and therefore the time required for 
these operations for the ’whole order or batch 

3. The type of machine or process capable of performing the required tasks. 
In addition to these data we must have information about the dates on which 



Week no. 1 starts on .. 

Week no. 20 ends on. 

Progress to be marked on 
Gantt charts, form PPC/20 


PRODUCTION PROGRAM 
NO. 

Date of issue.. 

By.--- 

Checked.. 


□ 


Time for design, delivery 
of materials and tools 


I Production 


End of inspection, 
packing, and delivery 


Figure 12-1. .4 master production program. 

2SI 
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the job should be finished. This information may be presented in a graphical 
form as a production program (see for example, Fig. 12-1). Machine loading is 
an attempt to match all these requirements with the available machine capacity, 
and a machine loading card (Fig. 12-2) is very useful for this purpose. The card 
—designed, say, for four weeks—contains information about the basic capa¬ 
bilities and specifications of the machine, data about its performance in the past 


PERFORMANCE DATA 

REGULAR 

AVAILABLE WEEKLY HOURS: OVERTIME... 

AV. WEEKLY BREADKOWNS._.HRS. 

AV. WEEKLY MAINTENANCE_HRS. 

AV. PER CENT UTILIZATION_HRS. 

[ALL AVERAGES BASED ON LAST FOUR WEEKS; 

MACHINE LOADING CHART 

SYMBOLS: 

* PART OF THE JOS 
-*» TRANSFER TO NEXT WEEK 

TRANSFERRED FROM LAST WEEK 

DESCRIPTION NO. 

CAPACITY 

WEEK ENDING Jan. 20 

WEEK 

ENDING Jan. 27 


1 

WEEK ENDING 

ORDER ' PART 
NO. | NO. 

TIME 

HRS 

BALANCE 

AVAILABLE 

ORDER 

NO. 

PART 

NO. 

TIME 

HRS 

balance 

available 

Ee3 
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Figure 12-2. .4 machine loading card (calculations are based on the assumption 
that 45 machine-hours per iceek are available). 


(breakdowns, maintenance, etc.) to enable us to make appropriate allowances, 
and details about commitments already assigned to the machine. In determining 
machine or process capacity, we have to study such problems as: What is the 
relation between productive and nonproductive times? What is the effect of one 
process on another, when processing times differ? What restricts the machine 
output and what is the relation between machine capacity and plant capacity? 
These, in brief, are the problems discussed in this chapter. 

Machine Output 

Machine output is inversely proportional to the cycle time. If the cycle time 
is T minutes, the theoretical output per machine (Fig. 12-3) would be 

— ~ units per hour 


( 12 - 1 ) 
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Maximum output is therefore obtained when the cycle time is absolutely at its 
minimum value. Take for example the operation described in Fig. 12-4a, where 
an operator is supervising one machine. Both the operator and the machine are 



T (min.) 


idle part of the time. The length of the cycle is determined by the total activity 
time, provided activities that are carried out concurrently are accounted for 
only once. In our case (Fig. 12-^a) 


T = 0.2 (unloading) + 0.4 (inspection) + 0.4 (loading) + 0.8 (machine 

running) 

= 1.8 min. 

and the output would be 

60 

Q th = — = 33.3 units per hour 


OPERATOR 
Or 

0.2 - 

0.4 - 

0.6 - 

"a 0-8 - 
u 

1 ho - 
© 

£ 1 . 2 - 
1.4 - 
1.6 - 
1.8 - 
2.0 - 

(a) 



MACHINE 



Unloaded 

idle 

Loaded 


Running 



Unloaded 


OPERATOR 



Unloading 
the work 

Loading 

Inspecting 
the work 

Idle 

Unloading 


(b) 


MACHINE 



Unloaded 

Loaded 

Running 

Unloaded 


Figure 12—4. Reduction in cycle time by changing the sequence of operations • 

(a) Original work cycle T=1.8 min. 

(b) Improved work cycle T=IA min. 
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The cycle can obviously be shortened by transferring the task of inspection so 
that it is carried out while the machine is running (assuming the machine 
requires only a limited amount of supervision while running), as shown in Fig. 
12-4b. The cycle is now only T = 1.4 min. long, and the output is 

Q th — ^ = 42.8 units per hour 

We have not completely eliminated the idle time in the cycle (the operator is 
0.2 min, idle), but the machine is fully busy, and the cycle time cannot be 
reduced any further without shortening the loading and unloading operations 
or increasing the speed at which the machine is running. The length of the cycle 
is therefore determined by the busy “partner'’ in the multiactivity chart, and 
that partner (the machine in Fig. 12-4b) causes the ‘‘bottleneck,” so to speak, 
that restricts an increase in output. 

Three periods of time in activity charts can be classified as follows: 

Independent activity, which is performed by one of the partners without need 
for aid or services of another partner. Denote the independent activity per 
cycle of the machine by t. 

Concurrent activity , which must be undertaken by several partners, each con¬ 
tributing his time or work to ensure that the task will be successfully com¬ 
pleted. Denote the total length of the concurrent activity by a. 

Idle tune , which signifies that one partner is waiting for the other to complete 
his task. Denote the idle time per cycle by i Q for the operator and i m for 
the machine. 

The cycle time would be 

T = a+t-i m (12-2) 

When the machine is the partner of longest independent activity and has no 
idle time, the cycle becomes 

T — a — t (12-2a) 

which is the case in Fig. 12-4b. 

How can we reduce the cycle time to a minimum l Some common methods are 
listed below: 

1. Try to ensure that no idle time 1 is involved for the partner of longest 
activity by: 

(i) Changing the sequence of tasks (as in Fig. 12-4). 

(il) Eliminating delays at end of cycles. 

1 The idle time of the other partners does not affect the output as long as the composition 
of partners in the multiactivity team does not change. However, this idle time is worth 
investigating, since output per machine or per man may increase by adding or deleting 
partners to the team. 
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2. Reduce the independent activity time by: 

(i) Increasing the running, speeds, feeds, etc. 

(ii) Selecting a better machine for the job. 

(iii) Transferring a part of the operations to another machine or another 
operator (see example in Fig. 12-5, where the cycle is shortened by 
relieving the operator from the responsibility for inspection). 


OPERATOR 

Unloading 
the work 

Inspecting 
the work 


Loading the 
machine 
Clamping new 
piece in jig 

Packing finish¬ 
ed component 

Unloading 


MACHINE 


\ Unloaded 


1 Loaded 


Running 


Unloading 


OPERATOR 

1 Unloading 
h the work 

t Loading 

• Clamping new 
I piece in jig 

- Idle 

j Unloading 


MACHINE 


Unloaded 


Loaded 


Running 

Unloaded 


Figure 12-5. Reduction in cycle time by relieving operator of independent tasks - 

(a) Original work cycle T = l.S min. 

(b) Improved work cycle T—0.9 min. 


3. Reduce the concurrent time a by: 

(i) Using better methods and jigs for feeding the work to the machine, 
for loading and setting. 

(ii) Setting the work and carrying out most of the preparatory tasks while 
the machine is running. 

(iii) Ej eeting automatically the finished work from the machine. 

The actual output Q tends to fall below the theoretical figure Q m because of 
time lost in delays between cycles, adjustments, repairs, breakdowns, etc., so 



Figure 12-6. Actual output Q 
in relation to the theoretical 
output Qttx- 
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that Q = xQfr, where 6 < x < 1 is a coefficient that describes quantitatively 
the discrepancy between the theoretical and actual output figures. Very 
often we find that the factor x is dependent on the cycle time (see Fig. 12-6), 
so that when the cycle is, say, halved, the output does not quite double. 


Mon Machines 



4 


Man Machines 



Three machines 


Man Machines 


12 3 4 



5'- 

S Loading and unloading 
Machine running 
Idle time 

Figure 12-7. Assigning two, three , or four machines to one operator. 


Multimachine Supervision by One Operator 

When a machine performs an operation automatically, so that only a limited 
amount of attention on the part of the operator is required (such as loading the 
machine, unloading, inspection, setting, and adjustments), it is sometimes 
possible to put several machines under the care of one operator. The operator 
and the machines form a production center, and the tasks of the operator are 
carried out in accordance with a certain sequence that ensures maximum 
utilization of the production cycle. 

Consider the following example: An operator is busy loading a machine for 
6.5 min. and unloading for 0.5 min. Between these two operations, the machine 
is miming for 2.0 min. How many machines could this operator supervise? 
The total direct preparation time of the operator is 1.0 min., which is one-third 
of the total cycle time. If we assign two machines to the operator, he will be idle 
a third of the time; if we assign four machines, each machine will be idle a 
quarter of the time; with three machines we get perfect matc hin g, no idle time 
being incurred either on the part of the operator or the mac hin es (Fig. 12-7), 
Perfect matching, however, is not always possible; as, for example, when the 
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io of direct preparation time to running time is 1.0:2.o. In this case, operator 
3 time is incurred when the number of machines is two or three, while with 
ir machines, the operator is fully occupied, but we get machine idle time. 

[n general terms, when the machine time is t and preparation time is a, the 
al cycle time is T = a + t, and the number of machines that should be allo¬ 
wed to one operator (assuming all the machines require the same preparation 
le and have the same running time) is 


?i' 


a + t 
a 


(12-3) 


we select n' machines, there would be neither man nor machine idle time, but 
en n' is not a whole number and we have to select either n or n — 1 machines, 
Lere , , , 

71 < n < 7i -j- 1 


rfect matching is not possible. The choice between n and n — I machines 
uld be governed by cost analysis of the operation. 

Let c Q be the cost of labor per operator hour and c m the cost per machine hour, 
ppose we choose n machines: The total cost per hour is c 0 — nc m . Since the 
bput per machine is 60 j (a + t) units per hour, the cost per unit is 


In 


c o ~T _ £ro / j_ 

60 /(a -j- t)n 60/2 


|12^) 


here Y n is the cost per unit when n machines are chosen, and e = c 0 x m is the 
:io between labor and machine costs. 

When 72+1 mac hin es are chosen, the total cost of the operation is c Q 
(ti + 1 )c m . The cycle time is now (n + 1 )a, since the operator is fully occupied 
d the mac hin es have to wait their turn until his services become available. 
ie output per machine is 60 j[(n + l)u] units per hour, and the cost per unit 
therefore 


mce 


Y 


n + 1 


Co + (> l ± l )°m _ = £» (e _ n - l)a 

[60/(w + 1 )a](n + 1) 60 

Zu Z1 

Y n+1 e + n- i- 1 a n 


( 1 - 2 - 5 ) 


it 


a 

Yn _ e ~r w (12-6) 

Yn + 1 e + » + 1 * 


When > 1. 

T n + 1 

Yu 

Y n + 1 


choose n + 1 machines 


When 


< 1, choose n machines 
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elation YJY R + 1 = 1 is shown in Fig. 12-8, where n f is plotted against 
l n as a parameter, so that for known Tallies of n' and e, the appropriate 
er of machines to be allotted to one operator is indicated. If, for example, 
.2 min.. T = 6.9 min. (hence n r — 5.75), the number of machines to be 
?d would be five when e = 0.8, but six when e = 5.5. The curves in Fig. 
ire rather flat, which means that the solution is quite insensitive to changes 
inee the allocation of several machines to one operator affects the organiza- 
nd layout of the production centers, it is important to know that when 
es in the cost of labor or cost of operating machines occur, they are not 
to affect the number of machines allocated. 


' 12 : 

: 11 ; 

■ io ; 

; 9 : 

__ 8 _ 

_Z__ 


6 



1 2 3 4 5 6 7 8 


Figure 12-8. Allocation of a number 
of machines to one operator (under 
deterministic conditions ). 


■ amount of relative idle time resulting from selection of n or n 4- 1 
nes can easily be calculated. When n machines are chosen, 

Operator idle time = cycle time — operator time = T — na 

relation to the cycle it is 

i 0 _T — na __ ^ ^ a _ ^ n 
f ~ T 11 T ~ ~n' 


n — 1 machines are chosen, the operator is fully busy and each machine 
(n ~ l)a — T each cycle, the relative idle time i m for each machine is 


i m (n - 1 )a- T a 1 

- = --- = (» - l) y - l = -j l 




n+l \ 
»' ) 
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The two expressions for i 0 and i m are similar and could be combined into 




T 


1 


n 


n' 


(12-7) 


w’here n now signifies the number of machines selected. If n < n' machines are 
taken, i ^ o is the operator idle time; if n ^ n' are taken, i ^ o is the machine 
idle time. Figure 12-9 shows i/T. 



Figure 12-9. Relative idle time when assigning n machines 
to one operator. 


This simplified analysis does not make allowances for several noteworthy 
factors. 

1. Operator walking time from one machine to another. 

2. Operator additional independent duties, such as: 

(i) Inspection of machines 

(ii) Inspection of the product (the time required depending on the output 
and the inspection method) 

(hi) Subsequent treatment to the work (removing machining marks, 
polishing, greasing, matching or assembling several components) 

(iv) Packing 

(v) Transportation of work to and from the production center 

(vi) Personal allowances 
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3. Machine interference: When the elements of the cycle are not deterministic 
>ut liable to random changes, perfect matching is virtually impossible, and 
leviations of operational times from the rigid cycle timetable cause the machines 
o '‘interfere’ 5 with each other. 

These factors may increase the independent activity time very appreciably, 
nd in as much as the cycle time thereby increases, the output is adversely 
.fleeted. 

An allowance for an operator’s independent activities (such as walking between 
nachines, additional duties, or even relaxation time) can be accounted for 
rithout great difficulty. Suppose these activities amount to b minutes per 
aachine, in addition to the concurrent activity a. The machine work cycle is 
: 4- f, but the operator’s total activity per machine is a + 6; hence the number 
»f machines for perfect matching is 



Ahen -nf is not a whole number, its two neighboring whole numbers may be 
nnsidered, namely, 

n < n' < n -j- 1 


3y following the same procedure adopted above, we find that the cost per unit 
vhen n machines are selected is again 


F„ = 


60?i 


(« + n)T 


nd in the case of n -f 1 machines. 


fence, again 


r„ + , = S= (« -f * + l){a + 6 ) 

Y n € -j- n n' 

+ i € + » + 1 n 


,s in Eq. 12-6, except that now the new definition for nf given by Eq. 12-8 
pplies. 

An operator may be asked to supervise nonidentical machines, i.e., machines 
hat differ in the amount of time required for preparation, loading and unloading, 
nd in the running time. An example for perfect matching of operator time and 
aachine time, when the operator is supervising three nonidentical machines, is 
hown in Fig. 12-10. It is evident from this multiactivity chart that: 

1. In order to avoid machine idle time, the cycle times for the machines must 
►e the same, and they must be longer than the operator’s work cycle. These two 
onditions may be expressed as 


— T 2 — T 3 ( — cq ~r — ^2 "T" ^2 — ~r — T 
T ^ flq -f* a 2 — 
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2. In order to avoid operator idle t im e, 


a i + ^ T 

Hence, for perfect matching of n machines and one operator we must have 

_ _ n 



2.8 

3.0 


= T =la (12-9) 

i 


Figure 12-10. Assigning three mam- 
identical machines to one operator for 
perfect matching beiiceen operator 
and machines' icork cycles. 


This, incidentally, is similar to the condition we have to satisfy for perfect 
matching of a multiproduct production schedule (Chapter 14). If perfect match¬ 
ing cannot be achieved, and we have to choose between assignment of n machines 
or n + 1 machines to one operator, the matter has to be considered from the 
point of view of cost, since in the case of n machines the operator is idle part of 

n 

the time (bis idle time being T — la minutes per cycle), while in the case of 

i 

n —j- 1 machines, the operator is fully occupied, but machine idle time is incurred 

+i 

(each machine being 1 a — T minutes idle per cycle). 

i 

Machine Interference 2 

When the machine cycle time is deterministic, and provided the number of 
identical machines, n per operator, is such that T ^ na, the output of the 
production center will increase linearly with the number of machines. Automatic 
machines usually have a fairly constant running time £, since the speed and the 
automatic stop at the end of the operation control the ru nning time within very 

2 This section may be omitted at first reading. 


)2 
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ose limits. The operator's time, a , however, is subject to some variations, 
spending on the pace at which the operator chooses to work, so that the total 
role time T = a -f- t will be affected accordingly. This may mean that the cycle 
me differs for different machines; also that it may differ for the same machine in 
fferent cycles. If the number of machines is selected for perfect matching (or 
?ariy perfect matching) based on the average cycle time T, we may very often 
?t a situation where a machine has finished its task and has to wait for the 
aerator, who has not quite finished his job on another machine. The first 
aehine is therefore idle. It has to wait merely because of the variations in the 
rcie time. The machines are, so to speak, ''interfering 55 with each other during 
irts of the cycle, and this interference adversely affects the output of the center, 
he larger the variations in the cycle time and the larger the number of machines, 
le more interference can be expected. 

A similar situation occurs in the case of semiautomatic machines, which can 
in and perform their task without requiring the constant attendance of the 
aerator. But every now and then the machine stops and demands attention, 
ooms are a common example for machines of this type, where the machine 
ay stop, owing to several reasons (such as a break in the thread or end of a 
»p). The time spent by the operator at the machine depends on the kind of 
pair or service he has to give to the machine. Here, again, some machines 
ay be waiting for the operator's services, who is then engaged, while at other 
mes the operator may be idle, waiting for one of the machines to require his 
: tent ion. This leads to a host of problems, such as: how many machines to 
locate to one operator, how to determine the average waiting time of a machine, 
3w to calculate the cycle time and thereby the expected output, and how to 
Pennine the optimal procedure for repairs (of several waiting machines, 
iQuid short repairs be tackled first?). It is not difficult to see that these problems 
re common to other situations where customers require the attention of servers 
% service stations. For example: 

Operators go to the store to obtain from the servers (= storemen) tools or 
materials. 

Various departments obtain machine components from a centralized machine 
shop. 

Customers buying stamps or sending parcels at a post office. 

Customers buying tickets at box offices (= servers). 

Ships come to a harbor having a limited number of berths (= servers). 

i each of these situations there is random arrival of customers, involving 
trying service times, which depend on the kind of attention these customers 
quire. Interference occurs when a customer cannot get immediate attention and 
ts to wait for a server to become free, and if more than one customer demands 
ds service, a queue is formed. The problem of scheduling' orders which arrive 
:■ random is further discussed in the next chapter. 

In the case of assignment of n semiautomatic machines to one operator, the 
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interference increases not only with the number of machines but also with the 
proportion of attention time received per cycle. Thus, when ajt increases, inter¬ 
ference increases and causes the output to fall. The operator’s attention time a 
may depend on two factors: 

1. The type of repair or service 

2. The operator, his skill, training, and incentive to perform the job 
The Ashcroft tables 

The research of H. Ashcroft on the productivity of several machines under the 
care of one operator (1950) has greatly contributed to our knowledge in this 
field, and his tables facilitate quick calculations of the efficiency of the machines 

_ , a ( attention time\ 

and their output, when the ratio - =---) is known. 

t \ machine time/ 

Ashcroft made the following assumptions in connection with his tables: 

1. Machines stop and demand attention at random. The probability of a 
machine stopping in the future is independent of the time that elapsed since the 
last time the machine received attention. 

2. The service time of the operator is constant. 

Needless to emphasize, these assumptions are seldom justified in practice. If a 
machine stops and the cause for the breakdown is removed, one would expect 
the machine to operate satisfactorily for some time before stopping again. In 
other words, there should be some sort of dependency of the frequency of 
stoppages on the current running time of the machine. If, on the other hand, 
many causes are responsible for stoppages and indicate the suggested indepen¬ 
dency, the second assumption could hardly be justified, since with different 
causes one would expect an inherent difference between the times required for 
servicing (apart from the variability that occurs for any one particular cause, 
due to inconsistencies in operators’ performance). 

Thus, it could be argued that in most situations the assumptions suggested 
by Ashcroft are not valid, and that, moreover, there is a certain degree of 
incompatibility between the two assumptions. It has often been found, however, 
that his tables are very valuable in providing good approximations in cases 
where reality is not appreciably different from his suggested model. 

If machines stop at random, and if future stoppages are independent of the 
last attention they received, then the probability that a machine will continue to 
run for a period t is e~ kt , where Jc is a coefficient depending on the number of 
machines. In the case of two machines where one machine will be running 
while the other is being attended to by the operator, the probability is e~ p , 
where p = ajt is the ratio of attention time to machine running time (not to be 
confused with the ratio p defined in Chapter 10). The probability that the second 
machine stops is 1 — e~ p (since the second machine must be either running or 
stopping, the probability of the two events occurring has to be 1). 
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0.25 0.80 1.50 2.27 2.80 3.30 3.72 3.00 3.08 4.00 4.00 0.25 

0.26 0.70 1.55 2.24 2.85 3.31 3.62 3.77 3.83 3.84 3.84 0.26 

0.27 0.70 1.53 2.22 2.80 3.24 3.52 3.65 3.60 3,70 3.70 0,27 

0.28 0.78 1.52 2.10 2.75 3.17 3.42 3.53 3.56 3.57 3.57 0.28 

0.29 0.77 1.51 2.16 2.71 3.10 3.33 3.42 3.44 3.45 3.45 0.20 
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Anhcroji Numbem, Part II 

17 to n 20 afid vahion of j) bofwoon 0.145 and 0.27 may l»o fcakon an for n ^ 10. 
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UA2C) 7.07 7.85 7.94 7.OH 7.99 8.00 8.00 8.00 8.00 8.00 0.125 

0.130 7.44 7.59 7.05 7.0H 7.09 7.09 7.09 7.09 7.09 7.09 0.130 

0.135 7.22 7.34 7.38 7.40 7.41 7.41 7.41 7.41 7.41 7.41 0.135 




0.140 7.01 7.00 7.13 7.14 7.14 7.14 7.14 7.14 7.14 7.14 0.140 

0.145 0.80 0.80 0.80 0.80 0.00 0.00 0.00 0.00 0.00 0.00 0.145 

0.150 0.50 0.04 0.00 0.00 0.07 0.07 

0.160 0.21 0.24 0.25 0.25 0.25 0.25 
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erage number of consecutive servicing tasks 

¥hat is the average n um ber of consecutive servicing tasks or repairs, X 2 , that 
operator has to perform when supervising two machines? After he attends 
me machine, there may be two situations: 

The other machine may still be running, in which case the number of 
jsecutive tasks is 1 (being the service that he has just completed). 

l. The other machine may have stopped in the meantime, so that the operator 
aced with a second job waiting for him. But as the occurrence of machine 
ppages is a random one, the operator is now placed in precisely the same 
ition as when he was engaged on the first job, i.e., when he finishes this 
ond job, the first machine may still be running (in which case the chain of 
tseeutive tasks is ter min ated), or it may have stopped while the second task 
5 performed (in which ease the operator will have a third task to tackle), and 

m. In other words, when the chain of operator tasks is not terminated after 
first task, the average number of consecutive tasks would be X 2 . But as the 
bability of second machine stopping while the first one is attended to is 
- e _3? , the average number of tasks for this case would be X 2 (l — e~ p ). 
situation 1 always occurs, since whenever there is a chain of tasks for the 
rator. there must necessarily be at least one task in this chain (otherwise, 
re is no chain). The amount X 2 (l — e~ p ) for situation 2 denotes the addi- 
lal average number of tasks. The total average number of consecutive tasks 
herefore 

x> = 1+ X(1 - e- p ) 

X 2 = e* (12-10) 

jet us now examine the case of an operator supervising three machines, the 
rage number of operator consecutive servicing tasks being X 3 . Suppose the 
rator is called upon to service one machine. When his task is completed, he 
y be faced with the following situations: 

. The other two machines are still running, in which case his chain of tasks 
ild consist of one task only. 

. Machine 2 has stopped and demands attention. The operator is faced 
cisely with same situation as before the first machine stopped, namely, the 
rage number of tasks he has to expect is X 3 . But how often would this 
lation occur ? The probability of the second machine stopping while the third 
till running is (1 — e~ p )e~ p ; therefore the average number of tasks to be 
ected in this case is X 3 (l — e~ p )e~ p . 

. Machine 3 has stopped and demands attention. The number of tasks on 
average awaiting the operator is the same as in situation 2, namely, 

1 — 

. Both machines 2 and 3 have stopped. As the operator can handle only one 
shine at a time, and as all machines are assumed to be identical, he may 
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regard the third machine. He may proceed to attend to the second machine, 
i should the first one stop in the meantime, he would return to the first one. 
short, he would act precisely as though he were in charge of only two machines, 
* number of tasks on the average that he has to expect being X 2 . When even- 
illy he gets the first two machines running, he can turn his attention to the 
rd machine. But now the situation is reduced to one machine demanding 
;ention while two are running; in other words this is the original situation of a 
oe-machine system where the a verage number of consecutive tasks expected 
X a . The total number of tasks for situation 4 is therefore X 2 + X 3 . The proba- 
ity of a machine stopping is 1 — e~ p \ hence the probability of two mac hin es 
>pping is (1 — so that the average number of consecutive operator 

jks for situation 4 is (X 2 + X 3 )(l — e ~ p ) 2 . 

Situation 1 always occurs. The additional average number of tasks is described 
situations 2, 3, and 4, and if we substitute X 2 = e p , we get 

X 3 = 1 + 2X 8 (1 - + (e* + X 3 )(l - er*? 


X 3 = 1 + X 3 (l - e-p)(2e~* + 1 - er*) + e p (l - 
= 1 + X 3 (l — e~ 2p ) + e p - 2 + e~ p 

X 3 = e 3 * - e~ p + (12-11) 

hcroft has showm that this expression can be written in the following form: 

X 3 - 2X 2 + 1 = (e p - l)(e^ - 1) (12-12) 

nilarly, for four machines, 

X 4 - 3X 3 + 3X 2 - 1 = (e* - l)(e 2p - l)(e 3p - 1) (12-13) 

d so on. 

The coefficients of the X’s on the left-hand side of these equations reminds one 
Pascal’s triangle. The values for X can be progressively calculated so that 
len all the values up to X n are known, we can proceed to calculate X n + 1? and 
on. 

te Ashcroft number 3 

The Ashcroft number A n is defined as the average number of effective ( = 
nning) machine hours per hour, when n machines are assigned to the super- 
3 ion of one operator; in other words, the Ashcroft number is a measure of the 
pected output of the n machines. The number A n can be expressed in terms of 
a as follows: 


3 This section may be omitted at first reading. 
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The average number of consecutive operator tasks is X, n . If each task lasts 
hours, the operator is busy on the average X n X hours at a time, during which 
)me machines are nonproductive. Between these chains of tasks, the operator 
p aits for a customer to demand service, and as long as he waits, all the machines 
re running. Suppose the number of times a machine stops (on the average) is 
i per machine running hour. This would mean that the average length of a 
finning period (between machine stoppages) would be 1 jm hours. As there are n 
lachines (ail assumed to be identical), each one stopping m times per machine 



0.02 0.03 0.05 0.08 0.1 0.2 0.3 Q4 0.6 0.8 1 

p = cycle ratio o/t 
(a) n = l to 10 

All carves asymptotic 


° S !Afc= 

> o 

ii Q 

< .| ]4== n *y 

i | i3j= n « 1; 

I © 12=„-i 



to line A = l/p 


Average number of 
machine running 
hours per hour 
(n = ll to 20) 
n = number of machines 
in care of one operator 


< sL 

0.01 


0.02 0.03 0.05 0.08 0.1 
p = cycle ratio a/I 

(b) n = ll to 20 


Figure 12-11. The Ashcroft number. (Reproduced by permission 
from Product and Probability , by T. F. O'Connor, Manchester, England, 

Emmott & Co. Ltd., 1952) 
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hour, the average length of the interval in which all the machines are running 
would be (1/m) — n, or 1/mn hours. 

The operator, therefore, has an average service interval of X n X hours followed 
by an average idle interval of Ijmn hours, so that the “cycle” is X n X -f 1 jmn 
long, of which Ijmn is the effective machine running time. 

The ratio of service time to effective machine time was defined as p. But as a 
machine stops m times per machine running hour, and each stop would necessi¬ 
tate A hours of immediate attention before it can run again, therefore 

p = Am (12-14) 

Since the average number of running machines is A n , the proportion of service 
time per hour is A n p. Therefore 

j _ 

n2> X n X + (Ijmn) 


or 


V + {\jX n X){\jmn)p 


but since p = mX , 


A„ = 


1 

p + (1/nXJ 


(12-15) 


and this is the formula on which the Ashcroft tables are based, since X„ can be 
found for any given n and p . Values for A n are also shown in Fig. 12-11. 


Example 

Given p = 0.18; output per machine is 100 units per running hour. The ideal 
number of machines per operator is 


71 = 


a + t 
t 


1+JP 

P 


1.18 

(H8 


6.56 


From the tables we find the corresponding values of A n as follows: 


n 

An 

Output (units per hour) 

Efficiency , 
AJn 100 

1 

0.85 

85 

85 

2 

1.67 

167 

83.5 

3 

2.48 

248 

82.7 

4 

3.22 

322 

80.5 

5 

3.90 

390 

78.0 

6 

4.48 

448 

74.7 


These results are shown in Fig. 12-12. 

The last column in the accompanying table gives the efficiency of the pro¬ 
duction center. The maximum output is attained when all n machines are 
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always running, and since the machines are assumed to he identical, the maxi¬ 
mum output is n times the machine output, whereas the actual output is only 
J* times the machine output. The productive efficiency is therefore AJn. 



Figure 12-12. Examples showing the 
effect of machine interference on out¬ 
put and efficiency . 


Balancing 

If a product has to undergo a sequence of operations through several machines, 
each stage involving a certain amount of concurrent activity a and machine 
miming time i 9 the output would be the same for all stages when the total cycle 
time. { 2 -rl. per stage is the same throughout. In other words we get perfect 
matching of the stages in the sequence. In practice, however, the operation times 
vary in length, so that some machines manage to cope more quickly than others 
with the Job on the line. If one machine has a higher output than the one 
succeeding it in the sequence, components will obviously accumulate at the 
input to the second machine and form a queue, and if the first machine goes on 
producing, the queue will constantly increase in length. If, on the other hand, the 
first machine is slower than the second, there will be no queue in front of the 
second machine, which will, in fact, have to be idle part of the time and run 
intermittently whenever a component is available to be fed into the machine. 
Through necessity, therefore, the second machine adjusts its cycle time to that 
of the first machine, unless of course we allow the first machine to run for some 
time and build up a stock of components at its output end before the second 
machine starts operating. If the output of one stage is directly fed into the next 
one on the line, or if the pile of components at the input end is to he kept at 
a constant level, the "pace” or output of the line is determined by the slowest 
machine. The problem of machine balancing is that of equalizing the idle times 
at the different stages on the line and matching, or balancing, the outputs. 
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Example 

Take the example shown in Table 12-3, in which a product has to undergo 20 
stages in the production sequence. At each stage the operation is carried out on 
one machine, involving a certain operation time T = a -f- 1, where a is the 
preparation time (which is a concurrent activity for the operator and the machine) 
and t is the machine time. The operation times differ at the various stages, 
ranging from 0.6 minutes to 10.0 minutes, and the “pace 71 or the cycle time for 


Time scale 


Time scale 


Time scale 


0 1 23456789 10 

i-1-1-1-1-1-1-1-1-j-1 

OP M/C 
1 1 
2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 10 
11 11 
12 12 

13 13 

14 14 

15 15 

16 16 

17 17 

18 18 

19 19 

20 20 



T — 10.0 min. 
20 machines 


Figure 12-13. Effect of balancing 
on number of machines required. 



7=4.8 min. 
25 machines 


0 12 3 


OP M/C 

i ir 


10 

11 


21 
3j 
4 
51 
61 
7f 
8 
91 
101 
111 
121 
131 

14 i 

] 5| 
161 
171 
183 
191 
20i 


12 21 j 
221 
231 

14 241 

15 251 

16 261 
271 
281 

18 291 

19 301 
31 
321 


13 


17 


20 


7=3.0 min. 
32 machines 


this line is the longest tim e (namely, 10.0 minutes), if only one machine is 
allocated to each stage. This is shown in Fig. 12-13. The machine at stage 9, 
which requires 10.0 minutes, is fully occupied, but there is idle time at all the 
other stages. Stage 9 is therefore the £ 'bottleneck, 5 5 and if we want to speed up 
production, we have to assign another machine to this stage. With two machines 
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it stage 9 wo can produce two units per 10.0 minutes; thus Mm* time per unit in 
reduced to 5.0 minutes. The next “bottleneck” is stage 0, then stage 5, then 


stage 4, etc. 


Tabic 12 3 


Operation 

M ((chine 

i*rep<mUitm 

Total Op. Time 


Time (/ 

Time (a 

(T a | 0 

n' 


min,) 

min.) 



I 

2.8 

0.2 

3.0 

lit 

2 

1.9 

0.3 

*> 2 

7.3 

3 

0.9 

0.1 

1.0 

10 

4 

6.2 

0.4 

0.0 

10.5 

5 

6.5 

0.5 

7.0 

II 

0 

8.5 

0.5 

0.0 

IS 

7 

0.5 

0.1 

0.0 

0 

8 

0.8 

0.2 

1.0 

5 

9 

9.6 

0.4 

10.0 

26 

10 

0.4 

0.2 

0.0 

3 

11 

0.9 

0.1 

1.0 

10 

12 

1.3 

0.1 

1.4 

14 

13 

4.6 

0.2 

<1.8 

2-1 

14 

2.2 

0.2 

2.1 

12 

15 

2.0 

0.2 

2.8 

M 

16 

2.4 

0.2 

2.0 

13 

17 

3.0 

0.6 

3.0 

0 

18 

1.8 

0.2 

2.0 

10 

19 

1.5 

0.5 

2.0 

4 

20 

4.0 

0.2 

4.2 

21 

Total 

(52.4 

5.4 

07.8 



Suppose we want the cycle time to be 4.8 minutes (corresponding to the time 
required by stage 13). The number of machines required for the first three stages 
remains at 1 machine per stage, but at stage 4 we need 2 machines; 2 at stage 
5; 2 at stage 6; 3 at stage 9; etc. The total number of machines now required 
is n = 25, compared with n = 20 originally planned, but the total amount of 
idle time is considerably reduced. For cycle time T 10.0, the total machine 
time available per cycle is nT = 20 X 10 - 200 min. The total operation time is 

2(a -f t) = 67.8 min.; thus the efficiency of the cycle is 4 


1{a + t) 


100 - - - 100 
200 


33.9% 


and the output of the line is 60/10.0 ~~ 6 units per hour. But when the cycle time 
is reduced to 4.8 minutes, the efficiency of the cycle is 


67.8 

25~x~4^8 


56.5% 


4 For the purpose of the present discussion efficiency is defined ns the ratio of machine 
ictive time (including concurrent activity) to total cycle time. In some applications effici¬ 
ency is defined as the ratio of machine running time to total cycle time. 
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i the output, of the line in (50/4.K — 12.5 units per hour. If we reduce the cycle 
ie even further to 7' -= 3.0 min. (see Fig. 12-13), the number of machines 
.uired increases to 32, the efficiency to 70.(5%, and the output to 20 units per 
ir. The number of machines required at each stage as the balancing process 
itinues is shown in Table 12-4 for some selected values of cycle time. The 
tnge in number of machines and in efficiency is shown in Fig. 12-14, which is 



ire 12-14. Effect of balancing on the number of required machines and on 
time efficiency of the line. (Calculated at intervals of 0.2 min. for T > 1.0 min. 
intervals of 0.1 min. for T < 1.0 min.) 


td on calculations at intervals of 0.2 minutes in the cycle time. The number of 
chines naturally increases very rapidly at the lower end of the cycle time 
*e, and so does the theoretical line output. When the cycle time coincides 
i the highest common factor of all the operation times (which in our case is 
minute), all the machines should theoretically be busy all the time. In 
itice, obviously, this ideal situation is not so easily attainable, since opera- 
times are liable to variations, especially when part of the cycle is dependent 
he behavior and effort of the operator. 

iation of time efficiency 

is important to point out that the increase in time efficiency is a discon- 
ous function, since it depends on the number of machines allotted to each 
e, and these increase abruptly when the cycle time reduces below certain 



Table 12^4 

Number of JSUtehhiPH Hequived 
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limits. Figure 12-15 shows how this efficiency changes when the cycle time is 
reduced from 10.00 to 9.80 and from 0.30 to 0.10 minute (the calculations were 
carried out in steps of 0.01 minute), and we see that below 0.2 minute the effi¬ 
ciency decreases and is again restored to 100 per cent at 0.10 minute. The 
highest common factor of all the operation times is the first point at which 
maximum efficiency is reached as we reduce the cycle time, but this is attained 
in fact when the cycle time coincides with any common factor (0.1, 0.05, 
0.04 minute, etc.). 



of the number of machines and efficiency functions (based on calculations at 
intervals of 0.01 min.). 

Broadly speaking, therefore, the time efficiency increases as the cycle time 
decreases, so that the product should become more and more economical to 
produce. Furthermore, as more machines per stage are added, the operator’s 
time can be better utilized by multimachine supervision. However, coupled 
with the increase in the number of machines, the layout problem becomes more 
and more complicated, and capital expenditure tends to increase, owing to 
handling and flow control systems, and these factors have to be carefully 
considered in each case. 

Balancing to meet demand 

One of the limiting factors in this balancing process is the demand for the 
product, and this figure will greatly determine the selected cycle time. Suppose 
that the product referred to in Table 12-3 is required in quantities of 800 pieces 
per week. The “pace” or cycle time can now be calculated on the basis of the 
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number of normal working hours per week. Suppose there are 40 normal bourn, 
the required output per hour in 800/40 20; therefore the eyele time that we 

should aim at is 00/20 3.0 min. The allocation of machines would be, m 

shown in Fig. 12-13, the time efficiency being 70.0 per cent. We could, of course, 
increase this efficiency by selecting a shorter eyele time, hut then we would he 
producing at a higher rate than required and would have to abandon How 
production and resort to batch production. Overtime can also bo used to adjust 
the output level. Suppose the demand for our produet increases from 800 to 
1,000 pieces per week, instead of trying to shorten the effeetive eyele time by 
adding machines, the new demand figure can be met by employing overtime. 

To summarize, in tackling problems of machine balancing, the following 
considerations should be borne in mind: 

1. The “pace” of production is determined by the slowest operation in the 
sequence. 

2 . Total machine idle time increases with the effective eyele time and cun 
theoretically be removed when the cycle time is a common factor of the indi¬ 
vidual operation times. As the effective cycle time is reduced, there is better 
scope for placing identical machines under the supervision of one operator. 

3. The “bottleneck,” or slowest stage in the lines should have the most ex¬ 
pensive machine, so that the idle time of the expensive equipment will he kept 
to a minimum level. 

4. The effective cycle time should be selected in relation to the required out¬ 
put, but some adjustments can be mode by use of overtime, double shifts, etc, 

Analysis of Process Capacities in a Multiprodiict System 
Estimating capacity 

When several products have to bo produced on the same machines, the prob¬ 
lem of matching the capacities of the various stages in the production sequence 
becomes rather involved. Take, for example, the following two products, which 


have to be processed through four stages. 


Stage 

Product A 

Product H 

1 

0.2 min./unit 

0.4 

2 

0.3 

0.3 

3 

0.48 


4 

0.4 

0.24 

5 

— 

0.2 


Assuming there are 480 minutes available per day, the maximum output of the 
stages when no overtime is used is as shown in the following table: 


Stage 

Product A 

Product It 

1 

2,400 units/day 

1,200 

2 

1,600 

1,000 

3 

1,000 


4 

1,200 

2,000 

5 

— 

2,400 



Machine Capacity 309 


capacity of stage 1 is shown graphically in Fig. 12-16. When only product A 
educed, the maximum output is 2,400 units (marked on the ordinate); 
i only product B is produced, the maximum output is 1,200 units (marked 
fie abscissa). Any combination of the two products, if stage 1 is employed 



Figure 12-16. Process capacity in the 
case of two products . 


11 capacity, is given by a point on the straight line indicated. This assumes 
no setting time is required when changing over from one product to another, 
y, 20 minutes have to be taken into account for that purpose, the maximum 
it figures when either product A or product B are solely produced remain 
anged at 2,400 and 1,200 units, respectively, but combination of the two 
i a somewhat lower line, as indicated by the broken line in Fig. 12-16. 
}s above the line for full capacity refer to output figures that cannot be 



Figure 12-17. Capacity of five pro¬ 
cesses for the products . 


lied with by stage 1; points below the line refer to output below full-stage 
dty. The reader will note that a similar analysis for plant capacity was 
nted in Fig. 5-17. 
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The capacities of the five processes (assuming no setup time is required) are 
hown in Tig. 12-17. Since stage 3 is not employed for the manufacture of 
iroduct B, it is represented by a horizontal line, while stage 5, which is not 
equired for product A, is shown by a vertical line. This graphical presentation 
ells us immediately which processes limit the output. If, for example, we want 
o produce only product A , the limiting factor is the process at stage 3 (as it 
nvolves the longest operation time per unit) and the maximum output is 1,000 
>ieces per day, while all the other stages will have to be idle part of the time 
stage 5 will, in fact, be idle throughout). We can now increase our total output 
>y using some of the available machine time for producing product B, and for a 
ehile this will not affect the output of A, since process 3 is not required for B at 
11. The maximum output for B that can be achieved while A’s output is main- 
ained at 1,000 units is given by point 2, which is the point of intersection of the 
Lne representing stage 3 with that of stage 4. 

The line for stage 4 is given by 


1,200 1 2,000 

there x A = the amount produced of product A 
x B = the amount produced of product B. 

x A + 0 Bx b = 1,200 
[he line for stage 3 is given by 

x A = 1,000 

lence the value of x B at point 2 is (-cb) 2 = 333 units. 

If we wish to produce a larger quantity of B , the limiting process is given by 
tage 4 along the line 2-3. As the amount for product B increases, that for A 
lecreases, and the amounts at point 3 are given by the intersection of the lines 
epresenting stages I and 4, namely, by solution of 

Equation for line 4: x A -f 0.6 xb = 1,200 

Equation for line 1: —-—;—= 1 

H 2,400 s 1,200 

(x a ) 3 = 684 units 

(xb) 3 = B58 units 

Further increase in product B is now restricted by stage 1 along the line 
-4, as if the other processes did not exist (as, in fact, shown in Fig. 12-16). 
hus the condition of maximum capacity is given by the broken line 1-2-3-4. 
Ifferent processes being the limiting factor, depending on the “mix,” or balance, 
etween the amounts for the two products. Any point inside the figure 0-1-2-3-4 
idicates that the plant will not be operating at maximum capacity. It is 
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interesting to note that stages 2 and 5 impose no restrictions on the maximum 
output because at no point on the line 1-2-3-4 are these two stages fully 
employed. This is a very important piece of information, since it would be futile 
to spend money and increase the capacity of these two stages when in fact the 
restriction lies in the other processes. 

Should we wish to increase the maximum capacity. Fig. 12-17 would tell us 
the capacity of which process should be raised for this purpose. Suppose w’e 
require 950 units of product A and 500 units of product B. This point lies outside 
the figure 0—1—2-3-4, but only the line for stage 4 runs below this point. Should 
this line be raised so that it passes through the point (the new line being parallel 
to the old one), the required figures would be compatible with the new maximum 
capacity (presented by the broken line l-2'-3'-4 in Fig. 12-17). We have found, 
therefore, that stage 4 needs expansion, and we can easily calculate the required 
capacity for this stage: 

Line 4 is given by xa + 0 Bxb = 1,200 
If we need xb — 600, then the possible output of stage 4 at present is 

x A + 0.6 x 600 = 1,200 
or x A = 840 

But since we need x A = 900, we have to increase the capacity of stage 4 by 
60 units per day, so that the maximum output when only product A is produced 
would be 1,260 as against 1,200 specified so far. If we know how much it costs to 
increase this capacity, we can proceed to analyze whether this is worth while. 



Figure 12-18. Machine-time efficiency 
at point C= 0-625. 


Machine time efficiency 

It may also be of interest to study the machine time efficiency. If the maximum 
capacity of a machine or a process is given by Fig. 12-18, and the machine is 
operating at point C, the time utilization is denoted by the intercept of a parallel 
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line through point C (if this time is measured by output of product A). The 
efficiency is therefore 


1,500 

2,400 


100 = 62.5% 


As we proceed along the line 1-2 in Fig. 12-17 and increase the output for 
product B, we can draw for each point lines parallel to the appropriate maximum 
capacity lines and find the efficiency for each stage. Up to point 2 stage 3 would 
be operating at 100 per cent (i.e., it is fully busy); at point 2, which is an inter¬ 
section of two lines, two stages would operate at 100 per cent (stages 3, 4); and 
along the line 2-3 stage 4 would be at 100 per cent, and so on. The change of 
efficiency with the amount required for products A and B is shown in Fig. 12-19. 


Product A 



Figure 12-19. Machine time efficiencies 
of the five stages . 


Let us now return to the problem of machine balancing and examine it in the 
case of a multiproduct schedule. Take, for example, two products A and B , each 
produced on two machines as follows: 


Machine 

1 

2 


Product .4 

Cycle time (min.) Output'day 
6.0 80.0 

9.0 53.3 


Product B 

Cycle time (min.) Output/day 

4.0 120 

3.2 150 
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Ef we consider product A alone, the output is determined by machine 2 
at 53.3 pieces per day, while machine 1 is partially idle. Through machine 
balancing, we can match the capacities of process 1 and process 2 by taking two 
machines for process 1 and three machines for process 2. At this point the cycle 
time is 3.0 minutes ( — the highest common .factor of 6.0 and 9.0) corresponding 
to an output of 160 units ( — the lowest common multiple of 80 and 53.3). 
Graphically, this increased capacity can be represented by a displacement of the 
line for full capacity, as in Fig. 12-20, so that when perfect matching is attained, 
the lines for full capacity meet at the point of 160 units. We see, however, that 
it their new capacity levels, the processes are balanced only for product A, but 
:hey are far from being balanced for product B. 



Figure 12-20. Balancing process ca¬ 
pacities for tico products . (There 
are seveti points of balance in this 
chart.) 


Perfect matching is possible for any given ratio of quantities of products A 
.nd B. Take, for example, a ratio of 68:32 per cent, which is represented by a 
traight line from the origin (Fig. 12-20), namely, by 

za __68 
xp 32 

t x A — 2.12xb 

-he full-capacity lines are 

Process 1: — + —2. = 1 or 3x 4 + '^ x b — -40 

80 ^ 120 

— _L = l or 45:c^ + 16*5 - 2.400 


Process 2: 


Production Planning and Control 


)th processes will be employed at full capacity when % machines are assigned 
r process 1 and n ± machines for process 2 , the lines for full capacity being 

Process 1: 3xa + 2 xb = 240% 

Process 2: 45xj. + 16 xb = 2,400% 

7 substituting xa — 2 . 12 x 5 , we get 

xb = 28.6% 

xb = 2 Low 2 

; %, % are whole numbers, the lowest amount of xb for full capacity would 
nply be the lowest common multiple of 28.6 and 21.5, which is 86 . Thus, 
•rfect balance is obtained whenx .4 = 183. xb = 86 (see Fig. 12-20). In general, 
aen the lines for full capacity for production of two products A and B by m 
ocesses are given by 

Process 1 : — -f ^ = ? 2 1 (using % machines) 

Ai 1 Bj 

Process 2: ^ = 7 h (using % machines) 

-4 2 * B>2 


Process m: ™ -f- -^- = n m (using n m machines) 

id when the required ratio between the products is xb = ax a, full capacity is 
itained when all these lines intersect at one point. This can be derived by 
lution of the preceding simultaneous equations. 

In Fig. 12-20, the first two lines of the processes 1 and 2 intersect at xa = 23 
id xb = 86 when each process employs one machine. This means that whenever 
? assign the same number of machines n to each process, we shall get a point of 
lance, which will occur at xa = 23 n and xb = 86 % and all these points of 

.lance lie on a straight line (as in Fig. 12-20). 

oltfproduet analysis 

The problem of balancing in the case of one product is a one-dimensional one, 
e condition for full capacity of the processes being indicated by a series of 
lints on a straight line. In the case of two products, we have a two-dimensional 
oblem, the condition for full capacity being represented by straight lines. For 
y given ratio between the amounts required for the two products, a point of 
U balance can be found, but unless the lines of full capacity are parallel to each 
her, perfect matching when the ratio varies is not possible. 
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three-product problem can be analyzed by a three-dimensional model, the 
Litions for full capacity being represented by planes. Take, for example, a 
e-product system, in which there are two processes as given in the 
mpanying table. 

Product No. and 

Max. Output 12 3 

Process I (per hour) 80 50 20 

Process II (per hour) 50 70 50 

maximum capacity of process I is expressed by 

^1 ^2 , *3 = i 

80 1 50 ”* 20 

that of process II by 

, *2 , = i 

50 ^ 70 ^ 50 

ere x z is the amount of product 1; x t , of product 2; and x 3 , of product 3), 
these are two planes, as shown in Fig. 12-21, the intercepts of these planes 
he axis being the values denoted in the above table. Maximum capacity for 


u 

3 

-u 

o 
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process I is described by the plane 2-3-8 and that for process II by 1-6-7. The 
maximum capacity of the two processes combined would therefore be given by 
whichever plane is "lower. 53 i.e., by the figure 1—4-2-3-5 (the line 4-5 being at 
the intersection of the two planes), and any point below this surface (within the 
space 0-1-4-2-3-5) would correspond to operation below full capacity. 

Similarly, in the case of n products, the problem has to be expressed by an 
n dimensional system. The analysis is basically the same as that for a two- or 
three-product system, though naturally it is difficult to visualize or to present 
in a graphical form. The capacity restrictions are expressed by linear equations, 
being of the form 

--- 4- • • • + a n x n < A 

bj'Xj -f b.yX . 2 ~ * * * T K x n < B (12—16) 

CjXj -r r.>r 2 -T- • • • 4- c n x n ^ C 

and so on, where x 1 is the amount of product 1, x 2 the amount of product 2, 

etc., and A being the capacity of process 1, B of process 2, etc. The symbol ^ 
indicates that capacities cannot exceed the maximum values on the right. If the 
capacity of process 1 can be expanded, the restriction would read 

— a.yX 2 — • • • -4 a n x n < %A 

where n 1 is the ratio between the expanded capacity to the original capacity (if 
this expression is obtained through addition of identical machines, n 1 would be 
a whole number, unless some allowance has to be made for the fact that the 
output of a process or a stage does not rise linearly with the number of machines 
allocated). The restriction for the other processes would be likewise amended. 
As we are dealing only with positive and real values for the various quantities, 
our considerations are restricted to the first quadrant in our n dimensional 
system of coordinates, namely: 

*£ ^ 0 

A;B;C > 0 (12-17) 

71 i ^ 0 

Profit Maximization 

We saw that the maximum capacity of a plant is deter min ed by one or more 
restrictions, depending on process capacities. Of all the points at which the 
plant can operate, which is the best ? 

Graphical presentation 

Let us examine the example for two products A and B , shown in Fig. 12-17. 
Maximum capacity is indicated by the line 1-2-3-4, but we have already seen 
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that operating at point 2 is preferable to that at point 1, since in both cases the 
quantity produced for product A is the same, whereas at point 2 we produce 
333 units of product B against none at point 1 . Assuming the profit per unit 
of product B is positive, it is obviously worth while to move from point 1 to 
point 2. 

Likewise, one can argue that operating on the line of maximum capacity 
(namely, on 1-2-3-4) is better than operating at partial capacity (i.e., at a 
point within the figure 0-1—2-3-4). Suppose we take a point relating to 500 
units of A and 500 units of B , which is obviously below the line of maximum 
capacity. We can draw r a horizontal line through this point until it meets the 
line 1-2-3-4. The point of intersection corresponds to 500 units of-4 (being the 
same as for the original point) and 950 units of B. Again, if the profit per unit of 
JB is positive, it would be far better to produce 500 of A and 950 of B, rather 
than 500 of A and only 500 of B. 



Figure 12-22. The profit function for a 
two-product system. 


Analysis by linear programing 

Let us now examine numerically the profit function for our two-product sys¬ 
tem. Suppose the profit for product A is za = $2.00 per unit and that for product 
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is zb = $3.00 per unit. The profit (in dollars) corresponding to the comers of 
e figure 0-1-2-3-4 would be as shown in the accompanying table. 


Point 



Profit for A 
2 a^a 

Profit for B 
z B x B 

Total Profit Z 
for A and B 

0 

0 

0 

0 

0 

0 

1 

1,000 

0 

2,000 

0 

2,000 

2 

1,000 

333 

2,000 

1,000 

3,000 

3 

684 

858 

1,368 

2,574 

3,942 

4 

0 

1,200 

0 

3,600 

3,600 


le profit function along any of the sides of the figure 0—1-2-3-4 is linear, since 
te total profit is 

Z = z A x A + ZbXb 


id the relation between x A and xb as given by the restrictions is linear. The 
•ofit function can therefore be described as a plane, shown by the figure 
-I-II-III-IY in Fig. 12-22. Maximum profit is attained at point 3, where 
4 units of A and 858 units of B are produced, and we see that 

1. The maximum, is obtained at a corner point; this conclusion obeys a 
ieorem in linear programing, which states that the point of optimum must lie 
;• a comer point. 

2. The maximum point lies on the line of maximum capacity 1-2-3-4, and 
consists of a series of linear functions (see Fig. 12-23). 



Figure 12-23. The profit function along 
the line of maximum capacity (a two- 
product system ). 


In the preceding example we selected a two-product system again because it is 
mple to illustrate graphically what happens to the profit functions as we change 
le ratio between the amounts produced. If we have n products on our program, 
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the problem can be similarly stated: The best point for which production should 
be planned lies on the maximum capacity space and is obtained by maximizing 
the profit function: 

Z = z x x x + z^c 2 + * * * + z n x n (12-18) 


where x t is the quantity for product 1, x 2 for product 2, etc., and z 1 is the profit 
per unit of product 1 , z 2 the profit per unit of product 2, etc. This system is, 
however, subject to certain process output restrictions, namely, 


—j- ape 2 ~f" * * 

• + a„x n 4 n x A 

(12-19) 

+ hpc 2 -f- * * 

• + K x n < 


and so on, and where x { ^ 0 



A;B;C • • 

■ > o 

(12-20) 

jS 

\V 

o 




This is a typical linear programing problem; linear because all the relations 
between variable may be expressed by linear functions; programing because we 
are trying to define the best program from a large number of possible alter¬ 
natives. The optimal solution can be sought by use of conventional linear pro¬ 
graming techniques, which are well described in several textbooks on the subject. 

If we accept the maxim that the production planning and control department 
is responsible for working out the best ways and methods with which the 
production facilities should be deployed, then it follows that it should be very 
much concerned with the optimal solution to the problem stated above for the 
several reasons discussed in the subsequent paragraphs. 

Correlation of production and sales volumes 

The optimal solution indicates the best quantities of production that the 
plant should try to operate at, so that the sales department can take appropriate 
action in endeavoring to adjust the sales volumes in that direction. 

Isoprofit spaces 

It is possible to work out what potential profit is lost when deviations from 
the optimum have to be undertaken. In the case of Fig. 12-23, for instance, we 
see that deviations from the optimum in favor of product B are preferable to 
deviations in favor of A. It is often useful to construct what may be termed 
isoprofit spaces. An isoprofit space is the locus of points of plant outputs that 
yield the same profit. Take the example of the two products presented in Fig. 
12—17. The profit is given by 

Z = z A x A + z B x B 

If Z is kept constant, the isoprofit space in this case is a straight line, intercept¬ 
ing the x A axis at x A = Zjz A (i.e., all the profit Z is obtained by marketing only 
product A) and the x B axis at x B = Zjz B (i.e., all the profit Z is obtained by 
marketing only B). The isoprofit lines are parallel to each other, as only the 
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value Z changes for each line, as shown in Fig. 12-24. Take, for instance, the 
isoprofit line Z = $3,000. The intercepts are 3,000/2.00 = 1,500 units on the 
product A axis and 3,000/3.00 = 1,000 units on the product B axis. As all the 
points on this line yield the same profit of $3,000, we see that we need not work 



Figure 12-24. Isoprofit lines in a 
two-product system . 


at ma xim um capacity {point 2) in order to achieve this profit, as any other com¬ 
bination of quantities on the isoprofit line and below the maximum capacity 
line (i.e., when x A < 1,000) is just as effective. As we increase the profit, the 



Product S 


Figure 12-25. Effect of the ratio z A : 
on the location of the optimal point . 


portion of the isoprofit line below the maximum capacity line becomes shorter 
and shorter, until eventually for Z = $3,942, the isoprofit line touches the 
maximum capacity line at one point only (point 3), and this is the optimal point. 
A higher profit cannot be attained, since all isoprofit lines for Z > $3 942 are 
above the line 1-2-3-4 (see, for example, the line Z = $4,000). 



Machine Capacity 321 


It is clear from this concept of isoprofit lines that the optimal point must be a 
corner point on the line 1 - 2 —3—4, and the location of this point depends very 
much on the ratio of za/zb* since this ratio determines the slope of the isoprofit 
lines. For our case, z^jzg = 2.00/3.00 = 0.67, and the optimum is at 3 . What 
happens when this ratio changes? If it increases, sav. to 1.00 or 1.38 (see Fig. 
12-25), the isoprofit line passing through 3 is still the maximum one. But for a 
ratio of 1.67 the isoprofit line coincides with the portion 2-3 on the maximum 
capacity line, so that now any combination on 2-3 will yield the same profit 
(this is rather important, since this situation provides useful and advantageous 
flexibility in production programing). But as soon as we go below the ratio 
1.67, the isoprofit line lies partially below the maximum capacity line, and now 
point 2 becomes the "extreme” one that would yield maximum profit. Similarly, 
when we reduce the ratio z a /zb below 0.67, we get eventually an isoprofit line 
that coincides with the portion 3-4 of the maximum capacity line (when the 
ratio is 0.50), and when the ratio is below 0.50, point 4 becomes the optimal one. 

In the case of a three-product system, the isoprofit space is a plane, given by 

Z = -7- ZpC.y ~r 

and the intercepts of the plane at the axes w’ould be 

z z z 

& X — —> *^2 — — 9 ***3 — 

~1 ~2 ~3 

Any point on this plane within the positive quadrant (i.e., we are dealing with 
positive values of x l7 x 2 , x 3 ) will yield the same profit. The isoprofit planes in this 
three-dimensional system w r ould be parallel to each other, since only Z changes 
from one plane to another (see Fig. 12-26). 

Through these isoprofit spaces we gain some information about many points 
of partial plant capacity that yield the same profit as points relating to maximum 
capacity. This may give us some clues as to the best policy we ought to adopt in 
order to adjust our production program and attain optimum performance. 

Limiting factors to production increase 

The analysis provides us with data about the utilization of each process, and 
if we manage to set our plant to work at the optimal solution, we know precisely 
wiiieh processes are the factors limiting the increase of our production volumes. 
Take, for instance, Fig. 12—19. At the optimal point (x .4 = 684; xb = b5S), 
processes 1 and 4 are working at full capacity and process 2 very nearly at full 
capacity (its time utilization being 96 per cent), while processes 3 and 5 are far 
from being highly utilized. This information allows us to draw some important 
conclusions relating to efficient operation of the plant, such as: 

1 . The machines at stages 1 , 4 , 2 should receive first priority in maintenance 
and repair schedules. Preventive maintenance should preferably not be carried 
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out during normal hours, in order not to reduce the time efficiency. The machines 
at stages 3 and 5 may be maintained during normal working hours. 

2. If occasional orders are obtained for additional products, they may be 
accepted as long as they require the use of available time of processes 3 and 5, 
hut deployment of the other processes that operate at full capacity may curb 
the output targets set for the basic products A and B on our program. 


u 

D 

~C 

0 

k. 

CL. 



surface: z 1= = $100 unit, z 2 = $50 unit, z 3 = $100junit). 

Choice of expandable process 

An “opportunity analysis” may be carried out to indicate which process 
could expand most profitably. Suppose we have a certain amount of capital that 
may be invested in order to increase the capacity of one of the processes, and we 
know by how much we expect this capacity to increase as a result of this invest¬ 
ment—which process should be selected for the purpose? In the case of Fig. 
12-17, we know from Fig. 12-19 that there is little point in expanding stages 
3 and 5. It is even futile to expand stage 2 on its own, since such an expansion 
would just displace the output restriction of this stage in Fig. 12-17 to the right, 
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and thin would have little client on the optimal point at 3. In short, if any of the 
processes 2 , 3, or /> in increased in capacity, thin will not increase the maximum 
plant capacity, and when curves for time efficiency of tins processes are drawn, 


wo hImiJI rcnli'/e that the efficiencies of 
wo have to expand either process I or 
plant capacity, But which one? Bupp< 
expect an increase of 25 per omit in 



these processes merely deni inn. Evidently 
process 4, since these limit the maximum 
>se that by in venting our money, wo may 
capacity of either proooHH I or 4. if wo 



expand proe,nan I, we got the new maximum-capacity line I -2-3 4~5, an shown 
in Big. 12 27; if we expand process 4, wo got the line 12 3 4. The profit to be 
expected along the new maximnm-capacity linos in given in the accompanying 
table. 


Expansion of Stage / Expansion of Stage 4 


Point, 



Total 

Point 



Total 


profit 




profit 

1* 

I ,000 

0 

2,000 

1* 

1,000 

0 

2,000 

2"* 

1,000 

m 

3,000 

2 

1,000 

000 

3,800 

3 

000 

1,000 

4,200 

3 

800 

800 

4,000 

4 

200 

J ,400 

4,000 

4* 

0 

1,200 

3,600 

n 

0 

1,000 

4,000 






* Those pointH coincide with comer points on the maximum-capacity lino in Fig. 12-17. 


The profit function in plotted in Fig. 12-28, from which we nee that expansion 
of stage I in definitely preferable. The study of opportunities when a larger 
number of products is involved is similar to that employed for a two-product 
system. 

Reduction of variety: simplificMion 

The analysis of plant capacity provides us with some valuable information 
for any simplification program we may have in mind. In the two-product system 


324 Production Planning mid Control 


considered above, the profit plane is inclined upward as we move from the 
origin, but the slope along the axis x B is higher than the slope along x A , since the 
profit per unit of B is higher. If we could increase the plant output in product B 
at the expense of product A, unit for unit, it would obviously be advantageous 
to eliminate .4 altogether. The capacity restrictions, however, prevent us from 
doing that, and this is why we sometimes get an optimal profit solution which 
corresponds to a certain combination of quantities for A and B. 



Figure 12-28. The profit function along 
the line of maximum capacity for two 
alternative expansion plans . 


But when expansion is undertaken, we soon discover wdiether a basic pre¬ 
ference of one product is inherently indicated. In the case cited above for 
expansion of 25 per cent in process capacity, we see from Fig. 12-28 that the 
system is moving very rapidly toward the elimination of product A . In fact the 
profit at point 4 (see preceding table) is not appreciably higher than that at 5, 
where the program consists of product B alone. Furthermore, we could study 
the effect of changes in profit per unit on the optimal solution. In the case of a 
two-product system, such changes would affect the inclination of the profit 
plane, and it is very important to know^ to what extent the optimum solution is 
sensitive to them. 

Changes of this kind may occur because of effects of competition in the market 
on the pricing policy of the firm, or because contemplated technical improve¬ 
ments in the plant may reduce the cost of production. In both cases we can use 
the capacity analysis to determine at what stage variety reduction is definitely 
indicated and whether our longer-term plans for expansion or specialization are 
reasonably stable and are not likely to be greatly affected by these changes. If 
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our long-term plans involve large sums in capital expenditure or fundamental 
orientation of the labor force (in training for special skills, for instance), the 
importance of such studies is self-evident. 

Summary 

Machine output increases as the cycle time decreases, and assig nm ent of tasks 
to operators as well as analysis of nonproductive time should be carried out 
with this point in mind. The ratio of total cycle time to operator time gives an 
indication as to the number of automatic machines that one operator can look 
after under deterministic conditions. In practice, however, there are variations 
in operator times, which cause machine interference and idle time. In the case < if 
automatic machines, which stop at random and demand the services of the 
operator (his attention time being constant for each stoppage), machine inter¬ 
ference increases with the ratio of attention time to machine running time and 
with the number of machines assigned to one operator. 

When the product emerges from the series of operations performed on several 
machines, the operation times usually differ, and the rate of production is then 
determined by the slowest process. This often results in excessive idle times for 
the quick machines, and to reduce it and increase the rate of production, we try 
to balance the output rates along the line by adding machines at the slow stages. 
Perfect matching is theoretically attained when the lowest common factor of the 
operation times is selected as the cycle time. 

When n products are manufactured by use of m processes in the plant, the 
capacity restrictions may often be expressed by linear equations, such as (for 
process 1) 

n 

^ a& t s$ A 
1 

where x t is the quantity produced of product i, a,- is a coefficient that describes 
the rate of production of product i, and A is the process capacity limitation. Of 
the many alternatives (i.e., different combinations of quantities of products) 
that are possible, w’e may want to maximize the profit, i.e., the function 

n 

i 

where is the profit per unit of product i. Solutions to these problems are derived 
through linear programing techniques. 

References 

Bowman, E. H., and Fetter, R. B.: Analysis for Production Management , chapters 
3, 4 (Richard Irwin, Inc., 1957). 

Ferguson, R. O., and Sargent, L. F.: Linear Programming (McGraw-Hill Book 
Co., Inc., 1958). 



326 Production Planning and Control 


Magee, J. F.: Production Planning and Inventory Control , chapters 3, 4, 6 (John 
Wiley & Sons, Inc., 1958). 

O’Connor, T. F.: Productivity and Probability , chapter 6 (Emmott and Co., Ltd., 
Manchester, 1952). 


Problems 5 

1. An article is processed on three machines, A } B, and C, as shown in the following 
table: 



Mjc Operation Time (min.) 

Preparation 

before 

Production 

(min.lday) 

Cleaning 

after 

Production 
(min./day) 

Operation 
Costs (includ¬ 
ing labor) 

( %jhour) 


Loading and 
Unloading 

Processing 

Total 

A 

2.0 

2.5 

4.5 

15 

10 

10 

B 

3.0 

10.0 

13.0 

30 

10 

14 

C 

2.0 

3.0 

5.0 

15 

10 

25 


A study revealed that if the jigs for machines B and C were to be redesigned, 
loading and unloading times could be reduced to 2.0 and 1.0 minutes, respec¬ 
tively. 

(i) Find the number of pieces produced per day (8 hr.). 

(ii) Costing has shown that unless production is increased by 20 per 
cent the installation of new jigs would not be worth while. Would 
you recommend redesigning the jigs? 

(iii) If the number to be produced is large, suggest changes in the present 
arrangement and estimate the new production figure. 

2. The problem of determining the number of identical machines to be assigned 

to one operator under deterministic conditions was tackled in this chapter. 

A work cycle of a machine involves a minutes preparation time (loading 
and unloading) and t minutes running time; since the machine stops auto¬ 
matically at the end of its task and requires no supervision while running, 
the operator can supervise more than one machine. When there is complete 
matching of the operator cycle time and the machine cycle time, the number 
of machines that the operator can look after is n' — (a -j- t)/a. If n' is not a 
whole number, we have to select between n or n + 1 machines, where 
n < n' < n -f 1. Show that these are the only two alternatives we need 
consider, i.e., that figures below n or above n -f- 1 may always be ruled out. 

3. (i) Show that if an operator is required to supervise several mac hin es with 

nonidentical cycle times, idle time inevitably occurs (express this idle time 
quantitatively), (ii) Two identical machines with a cycle time T = -f t 2 
and one machine with a cycle time 2T — a 2 -j- t 2 are assigned to one operator. 
Show that no perfect matching is possible. 

5 In some of the problems linear programing techniques are required to arrive at final 
numerical solutions. Readers not familiar with such techniques are advised just to formulate 
the problems along the lines suggested in the text. 
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L An order of 10,000 components have to be produced by a milling operation. 
Three identical milling machines are available in the shop. The operation 
times and costs are as follows: 

Inserting piece in machine, 1.8 min. Material cost, $0.40/piece 
Starting machine, 0.1 min. Labor cost, $4.00/hour 

Machining time, 2.5 min. Overhead cost, $6.00 machine hour 

Unloading, 0.6 min. 

Inspecting piece, 0.25 min. 

Walking between machines, 0.05 min . 

If a special milling fixture is used, the inserting and unloading times can 
be reduced to 1.0 minutes and 0.4 minute, respectively. The cost of one fixture 
is $800. 

(i) If only one operator is employed on this job, there are nine possible 
combinations of utilizing one, or two, or three machines with or 
without fixtures. Find the costs per piece incurred by each of these 
combinations, and hence the one involving the lowest costs per piece. 
Assume that if machines are not used for this job, they can be utilized 
for some other work.. 

(ii) Which combinations would you rule out from the practical point of view? 

(iii) Draw a man and multimachine activity chart for the best arrangement. 

(iv) If the plant is pressed for an early delivery date, it is possible to 
expedite production by adding another operator. How will the work 
be arranged and what will the costs per piece be? 

(v) Suppose it is now known that the order will be repeated in the future. 
What arrangement would you recommend? What saving will be 
effected by this arrangement over the method recommended in (ii), 
when the order is repeated? 

>. A machine shop has to produce 100,000 components for which the following 
times have been estimated: 

Inserting piece into the machine, 0.30 min. 

Starting the machine and engaging feed lever, 0.10 min. 

Running time (automatic stop at end of operation), 3.25 min. 
Unloading component, 0.20 min. 

Inspecting component, 0.35 min. 

Walking between machines, 0.10 min. 

The following costs figures were provided by the accounting department: 

Labor costs, $4.00/hour 
Machine costs, $5.00/machine hour 
Overhead and Materials, $3.20/unit 

Find the cost per piece by using one operator with one, two, or three 
machines. 

Draw a man and multimachine chart for the three cases. 

Assume four machines are available, which, if not employed for this 
production, will remain idle; more operators (if required) can be engaged. 
Recommend and analyze a method where cost per piece will be lowest. 
How long will it take to produce the batch of 100,000 by your recom¬ 
mended method? 


(i) 

(ii) 

(iii) 
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6. A number of operators are performing the same task in a production center, 
where the same machine is used by each in turn. The task includes: 


Check and set the components 

0.65 

min. 

Assemble 

0.44 

min. 

Work with hand tools 

0.32 

min. 

Walk to the machine 

0.04 

min. 

Operate the machine 

0.30 

min. 

Inspect before the next operation 

0.10 

min. 

Operate the machine again 

0.15 

min. 

Inspect the assembly 

0.04 

min. 

Walk back to bench 

0.04 

min. 

Further operation by hand tools 

1.14 

min. 

Final inspection and packing 

0.46 

min. 


Total cycle time 3.68 min. 

Cost of machine $1.70/hour 

Cost of labor $3.80/hour 

(i) How many operators should he engaged in this production center? 

(ii) Draw a multiactivity chart for the center. What maximum output 
would you expect to attain? 

(iii) Find the production costs per piece for (i). 

(iv) Would you expect operators’ interference? Why? 

(v) Would it be worth while allotting the final inspection and packing 
operations to one man? Compare the costs per unit for this case with 
the figure you obtained in (ii). 

(vi) Similarly, would it be worth while allotting only the first task (“check 
and set”) to one operator? 

(vii) Would you recommend combining plans (v) and (vi)? What would the 
costs analysis be in this case? 


(i) Show that when one machine is assigned to one operator, the column in 
the Ashcroft tables for n — 1 is obtained by 

4 =-J- 

* 1 1 +p 

(ii) Show that when n fully automatic machines are supervised by one oper¬ 
ator (assume no random stoppages for repairs), 


(iii) If the number of semiautomatic machines n is increased, show that the 
maximum value of A is given by 


A 


CO 


1 

p 


(iv) For (a), p — 0.20, (b), p = 0.30, plot the change of A n with n and the 
efficiency AJn with n. Compare your figures with those obtained for fully 
automatic machines [derived by (ii)]. 
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(v) If n 8 machines, plot the change of A 8 and the efficiency when p is 
increased from 0 to 0.5, and compare with values obtained for the ease of 
fully automatic machines. 

8. In a small plant engaged in the manufacture of biscuits, the process is composed 

of the following operations (see Fig. 12-29): 

(1) The raw materials are brought from store A to 
temporary storage B; * 

(2) From B to mixers C, D; 

(3) From mixers to rolling and forming machine E; 
then to tables F for arranging in forms and 
trays; 

(4) From F to shelves G, waiting for oven; 

(5) From G to oven H; 

(6) After baking,' to tables I for sorting and inspection; 

(7) Then to packing section J; 

(8) Finally to storage K, ready for delivery. 

It was found convenient to measure the volume of production by the 
number of cartons, and the appropriate times are as follows: 

JMixer C: Capacity 1 carton; preparation, 3 min.; mixing, 10 min.; pouring from mixer, 
H min.; cleaning at end of day, 6 min. 

Moiling and Formi?ig E (hand-operated): Operation, 15 min./carton; cleaning at end of 
day, 15 min. 

Oven H (gas-operated): Capacity, 5 cartons, warming up before baking, 20 min.; baking 
time, 40 min.: loading, 21 min.; unloading, 2* min.; cleaning at end of day (including 
trays), 25 min. 

Other operations: 

Handling time: take an average figure of 0.2 min. /cart on /each transportation. Arrang¬ 
ing in trays on tables F, 12 min./carton; inspection, 1 rain./carton; packing, 8 min. carton; 
cleaning and sweeping of shop, 30 min./day. 

Assume: 6-day week, 8 hr. a day on weekdays, 5 hr. on Saturdays. Xo dough can be left 
overnight. 

Your Task: 

(i) Draw an operation process chart. 

(ii) Draw a flow diagram (as in Fig. 7-10 in Chapter 7) of present layout 
(scale 4 inch to 1 foot). 

(iii) Discuss the present layout. Suggest a new layout and draw a flow diagram. 
Suggest suitable place for running-water basins. 

(iv) Draw activity machine charts for C, D, E, H. 

(v) Calculate the maximum possible output with present equipment. 

(vi) Calculate the total time per carton, per day, per week, spent on handling, 

(vii) How many operators should be engaged to produce the production figure 

found in (v)? 

(viii) Discuss means of increasing the maximum production figure found in (v). 

9. In the shop described in Problem 8, it is required to produce four different 

products: 

JProduct I : About 50 per cent of total volume; operation times as above. Product requires 
rolling in Rolling Machine El. 


X 


o 


1 _ 

Figure 12-29. 

.4 small plant for 
making biscuits 
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Product II: About 20 per cent of total volume; requires rolling in El. 

Operations: 

Premixing 8 min. 

Second addition of materials to mixer 1 min. 

Mixing 6 min. 

Additional work in decoration 10 min./carton 

Baking 60 min. 

Product III: About 20 per cent of total volume; requires forming in E2. 

Operations: 

Mixing As No. X 

Additional work in decoration 8 min./carton 

B akin g 60 min. 

Product IV: About 10 per cent of total volume; requires forming in E2. 

Operations: 

Mixing 10 min. 

Baking 30 min. 

Note: Baking temperature is appreciably higher here than that required for products 

i, n, in. 

Additional Data: Mixer, rolling, and forming machines need cleaning (5 min.) when changing 
from one product to the other. Oven needs 10-min. temperature adjustment period when 
switching from product IV to the others, and vice versa. 

Tour Task: 

(i) Determine the weekly production schedule. Draw weekly machine activity 
charts. Find the total weekly output and the percentage of total of each 

product. 

(ii) The most costly equipment involved is the oven. Suggest means of utilizing 
this equipment to its maximum. Repeat (i) for this revised method. 

(iii) For (ii) find the number of operators required and draw their activity 

charts. 


.0. A product is manufactured through ten operations in the following sequence: 


Op. Xo. 
1 
2 

3 

4 

5 

6 

7 

8 
9 

10 


Machine 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


Operation Time (min.) 
3.0 

4.2 

6.0 

1.2 
0.6 
3.6 
6.0 
2.4 
3.0 
1.8 


If the product is manufactured on a flow basis, the demand by the store 
being 1,600 pieces per week, suggest machine balancing for minimum costs 
per piece, assuming: 

(i) The cost per machine is virtually the same when it is running or idle. 

(ii) An operator can supervise no more than four machines, which may 
belong either to one operation in the flow sequence or to two successive 
operations in the sequence (e.g., he is allowed to supervise two 
machines on operation 5 and two on operation 6 but not two on 5, 
one on 6, and one on 7, or two on 5 and two on 7). 

(iii) Labor overtime costs 50 per cent more than regular time. 
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11. Two products are produced in a plant where five processes are mainly employed. 
The maximum output in units per day for each process when employed for 
one product only is given in the following table: 


Process 

Product 1 

Product 2 

I 

300 

100 

II 

200 

_ 

III 

120 

_ 

IV 

100 

200 

V 

200 

150 


(i) Describe graphically the maximum plant capacity for any combination 
of quantities of products 1 and 2 in the schedule. 

(ii) Find the efficiency for each process as the quantity produced of 
product 1 varies from 0 to maximum. 

(iii) If the profit per unit is $4.00 for product 1 and $3.20 for product 2, 
find the point at which profit would be maximum Show the profit 
function in a three-dimensional system. 

(iv) A sum of money is available for expansion of the processes, an d if 
spent only on one process at a time, the maximum output of process I 
could be increased by 30 per cent, process II or III by 20 per cent, 
process IV by 40 per cent, and process V by 10 per cent. Assuming 
that a proportion of this investment on one process would yield the 
same proportion of increased output (e.g., if half the money is spent on 
process I and the other half on process II, the maximum outputs 
would be increased by 15 per cent and 10 per cent respectively), how 
should this money be spent in order to increase the profit as much as 
possible? 

12. Three products processed through three departments have the following 
maximum output figures (units per week): 


Department 

i 

Product 

2 

3 

I 

5,000 

8,000 

10.000 

n 

7,500 

4,000 

3,000 

iii 

4,500 

4,000 

4,000 


(i) Show the maximum capacity surface in a three-dimensional model. 

(ii) If the profits per unit are $5.00 for product 1, $6.00 for product 2, 
and $6.50 for product 3, calculate the profit for the corner points of 
this surface and determine the optimal one. 

(iii) It has been suggested that the capacity of department HI should be 
doubled (by adding another production line). What are your views? 

(iv) There is chance that department I will get a contract from another 
factory to process 2,000 pieces a week. Is this desirable? What effect 
would this have on your considerations above? 

13. A factory produces n different kinds of skirts and m different blouses, which 
can be marketed either separately or in “sets,” each set comprising one skirt 
and one blouse. The number of possible sets is nm. The sales department 
recommends that there should be at least 4 different skirts, 12 blouses, and 
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16 sets, and it is estimated that the total number of skirts required for the 
market during the period under consideration is between 4,000 and 6,000, 
and the total number of blouses required is between 8,000 and 12,000. It is 
further known that design costs for a skirt amount to $200 and design costs 
for a blouse to $300, but total design costs should not exceed $5,000. 

If the profit per blouse is $4.00 and the profit per skirt is $5.00, irrespective 
of whether they are marketed separately or as a part of a set, 

(i) Express the above restrictions in algebraic form. 

(ii) Find the optimal point for maximum profit. How many skirts and 
blouses (number of models and quantities) should be planned? 

(iii) If the profit per “set” is $10.00, how would your former conclusions 
be affected? 

(iv) Due to reorganization of the plant, the production department esti¬ 
mates that maximum plant capacity will be 12,000 units (irrespective 
of whether these are blouses or skirts). Reconsider (i), (ii), and (iii) in 
the view of this new restriction. 

14. (a) Referring to Fig. 12—25. plot the change in profit for points 2, 3, 4 when 

za'zb is varied between 0.1 and 5.0 (the profit at point 3 when z a /zb ~ 0.67 
is to be taken as 100). (b) For Fig. 12-26: 

(i) Find the optimal profit. 

(ii) Find the point of full plant capacity that would yield a profit of $4,000. 

(iii) Plot the change in profit along the line 4—5. 

15. A plant is engaged on the production of five products, which are processed 

through three departments; the number of hours required to finish each is 


indicated in the table: 

Department 1 

2 

Product 

3 

4 

5 

Max. Hrs. 
Available 
per Week 

I 

0.7 

0.8 

4.0 

0.5 

1.2 

160 

n 

0.8 

1.2 

3.2 

0.8 

1.2 

160 

m 

1.5 

1.7 

5.0 

0.6 

1.0 

160 


(i) If the profit for the products is $6.00 for a unit of products 1, 2 but 
only $4.00 for the others, what quantities per week should be planned 
to optimize profit? 

(ii) If the cost per hour in department I is $20; in department II, $40; 
and in department III, $50, what quantities should be planned to 
minimize the cost of production? Compare your results with those 
obtained for (i). 

16. (i) A production engineer was faced with the problem of evaluating operational 
costs of a new machine, where the following data were given: The effective 
life of the machine is E days, after which major cleaning and repairs have 
to be undertaken. The effective time can be expressed as E — i + act, where 
i is the idle time, t the running time, and a a factor that allows for quicker 
wear of the machine when running. If the operation costs ( in cluding main¬ 
tenance) of the machine is g dollars per day when it is run nin g, and h dollars 
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per day when it is idle, find an expression for the average operational costs 
per day as a function of t. 

(ii) The engineer was asked to select one of two machines, the initial cost 
of which was the same, and the effective life being 1,000 days for each; the 
other data were as follows: 

Machine A Machine B 

Operation costs when running, 

S/day g = 20.00 30.00 

Operation costs when idle, 

S/day h = 2.00 1.00 

Life factor a = 2.50 2.00 

If the machine is known to run 20 per cent of the time, which one should the 
engineer select to have lower average operational costs per day? 

(iii) At what percentage of running time are the two machines equal as 
far as operational costs per day r are concerned? Which machine should then 
be selected? 




13 

SCHEDULING 


Scheduling is the final stage in production planning, the stage at which all the 
>roduction activities are coordinated and projected on a time scale. A produc- 
ion schedule is in fact a timetable that tells us what machine or department 
hould be doing what and when. 

It was pointed out in the preceding chapter that machine loading and schedule 
ng is a procedure with which we try to match the requirements set out in the 
>roduction order (quantities, dates of delivery) with the available facilities, 
["here may be several ways in which the requirements can be met, several ways 
>f routing the products through machines or processes, of determining the se- 
[uence of products and a priority scale, of determining when and how to expand 
acilities by use of overtime. That method which (after an appropriate analysis) 
3 found to be the most satisfactory is formulated as a production schedule. 

How r is the best method selected? The very act of differentiating between 
►etter and worse methods implies that we have a measure of effectiveness, - a 
riterion with which each solution can be quantitatively compared and evalu- 
ted. Usually this criterion is based on costs, and the solution that ensures the 
ttainment of the objectives of the production order at the lowest possible costs 
s considered the best one. 


Forms of Schedules 

In what form should a production schedule be presented? This depends on the 
purpose of the schedule. Several forms can be found in this book, some of which 
vexe discussed in previous chapters. 

1. A production flow program (see Figs. 9-7 and 9—8): If a number of com¬ 
ponents or assemblies have to be manufactured for the final assembly line and 
hese components are to be made concurrently, the master flow program takes 
ito account the sequence of operations and indicates when work on each 
omponent should start, in order to comply with the required date for completion 
f the product. 

2. A production master program for integrating work on large, objects (see Figs. 
-10 and 9—11): This program is particularly useful in cases of static layouts 
/-here the tools, materials, machines, and teams of operators flow from one 
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object to another, and it is extremely important to coordinate the activities of 
these facilities by appropriate phasing. 

3. A cumulative output progress chart (as in Fig. 9-9): When a new job under¬ 
taken is likely to last for several months or years, the program must take into 
account the initial period required for preparation and the incremental change 
in the rate of production due to the learning curve. This rate is normally reduced 
toward the end of the job. to allow for gradual phasing out, and the effect of 
changes in the projected rate of production on the output is clearly indicated in 
the cumulative output progress chart. 

4. An outline master program (as in Fig. 12-1): This program merely translates 
the general requirements specified by the sales department and, like that in 
Fig. 9-7, it is useful as a basis on which final and detailed schedules can be 
worked out. 

5. A schedule for breakdown of orders (such as Fig. 13-1): This is another form 
of expressing the rate at which the work should progress, and it is particularly 
useful in decentralized scheduling because it specifies only quantities and the 
dates on which they should be completed. In other words, it indicates production 
targets, but it does not suggest how* they can be achieved, and the responsibility 
for planning the activity of the production center related to the appropriate 
target rests with the production department in question. 


Subassemblies E 

DATE 4/J 

ISSUED BY N. A. 

NO. 

601 

COPIES TO QeptsC'DjF 

Assembly fine 
S-A store 

_ 

REQUIRED FROM WEEK ENDING ON 

1 

2 j 3 

4 

5 | 6 

7 

8 

9 | 10 

ll 

12 

TO 

NEXT 

SCHED. 

ORDER 

MO. 

DESCRIPTION 

TOTAL 

QTY. 

RECD 

4/8 

4/IS 4/22 

i 

4/29 

5/6 

5//3 

5/20 

5/21 
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6/10 
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REMARKS 


Figure 13-1. Breakdown of a production order into intermediate targets . 
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6. A cycle schedule (as in Figs. 14-2 and 14-3): If the plant is engaged on batch 
iroduction in a cyclic fashion, this schedule shows how the cycle time is 
istributed between the various products. 

7. A detailed schedule (as in Fig. 13-2): This shows in a planned multiactivity 
hart how the facilities should actually be employed during the production 
leriod. 1 


MACHINE 

MON 4/25 

TUE 4/26 

WED 4/27 

THU 4/28 

FRl 4/29 

12 3 4 5 6 7 8 

1 2 3 4 5 6 7 8 

1 2 3 4 5 6 7 8 

1 2 3 4 5 6 7 8 

1 2 3 4 5 6 7 8 
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■ Machine running 

H Maintenance and servicing 

H Machine setup and adjustment 

f| Machine idle 

^ Cleaning 

(g) Order number 


Figure 13-2. -4n example of a detailed schedide . 


goading and scheduling 

The responsibility for loading and scheduling may rest either with the central 
tatisties office of the production planning and control department or with the 
nanufacturing departments, depending on whether production scheduling is a 
lentralized or decentralized function. The tendency to decentralize scheduling 


1 A production period may be defined as that interval of time for which a detailed produe- 
n program is prepared, followed by another such period for which a separate plan is worked 
t. ThisTperiod is usually selected to cover easily handled time umts, 
eks (which, incidentally, is preferable to a calendar month, smce each period can . 
a Monday and all periods are equal in length), eight weeks, etc. 
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in the case of process plant layouts perhaps stems from the fact that production 
department supervisors are better acquainted with what goes on in their own 
domains and are therefore more likely than the central planning office to produce 
a workable schedule. With the use of more mathematical techniques in con¬ 
structing optimal schedules and with the introduction of computers to central 
planning offices, it is quite likely that the trend will be reversed and centralized 
scheduling will become more common, so that production facilities can be made 
better use of. 

Techniques leading to the formulation of production schedules depend on the 
type of production, type and frequency of jobs, demand patterns, and flexi¬ 
bility offered by available processing time. Scheduling problems vary in charac¬ 
ter and in complexity and very often several techniques in mathematical pro¬ 
graming have to be combined to tackle any particular situation. Furthermore, 
scheduling problems are often dynamic in character. Situations in which the 
governing parameters remain unchanged and call for a static schedule are 
rather rare. As time passes, requirements often fluctuate and vary in character, 
the facilities and their capabilities change, and with these changing circum¬ 
stances the problem has to be continuously restated and resolved. An interesting 
example to illustrate the intricate problems that may arise in production schedul¬ 
ing and inventory control was cited by Cinch Manufacturing Corporation, 
Chicago. The company reported 2 in 1957 that it made 25,000 different types of 
electronic and automotive hardware components. Approximately 5,000 orders 
had to be processed per month (or 250 per day), of which 20 per cent were rush 
orders (15 per cent received over the telephone plus 5 per cent by cables), 60 per 
cent were required within one to three weeks, and 20 per cent within one to three 
months. As some 80 per cent of the sales were to the electronic industry, in 
which frequent changes in designs and specifications are fairly common, the 
orders included many variations of the same products, and inventory problems 
became rather formidable. 

Basic scheduling problems 

Some of the basic scheduling problems to be found in literature include: 

Flow production scheduling for fluctuating demand (sometimes referred to as 
smoothing problems) 

Batch production scheduling, when products are manufactured consecutively 

The assignment problem 

Scheduling orders with random arrivals 

Product sequencing 

Let us now examine these problems in some more details. 


2 “Case studies in production forecasting, planning and control,” American Manu¬ 
facturing Association, manufacturing series No. 223, 1957. 




Scheduling 339 


Flow Production Scheduling for Fluctuating Demand 

When the sales of a certain product are subject to seasonal fluctuations, 
lanagement may decide to meet the demand in one of the following ways: 

1 . Have a static production program , coupled with an inventory large enough 
o satisfy the fluctuating demand. The inventory level would fluctuate according 
d the demand pattern, replenishment being provided by a constant flow from 
be plant. This method is greatly favored by the production department, since 
; simplifies planning, ensures higher machine utilization, allows better super- 
ision and control, and promotes a sense of security among the workers. Average 
bock level is high, however, thus tying up capital and involving high carrying 
osts. 

2. Have a fluctuating production program , to cater to the changing demand, and 
eep a constant inventory level. The purpose of the inventory in this case is to 
rovide a safety cushion between production and marketing. Any change in the 
emand pattern requires a certain time lag before production can follow suit, 
nd the safety stock enables management to satisfy demand in the interim 
eriod. The stock level does not, strictly speaking, remain constant, but the 
uctuations and the average stock level are fairly low, compared with the 
revious method. 



Figure 13-3. .4 graphical presentation of flow production by network flow. 

3. Have a combination of the two systems, so as to bring the total costs to a 
linimum. The problem is, therefore, to achieve a proper balance between the 
mount of fluctuations in the production program and those of the stock level. 

This problem of production for fluctuating demand may be illustrated 
raphically as a network flow. 3 Sales forecasting and production planning are 

3 Suggested by Te Chiang Hu and W. Prager in their paper “Network analysis of produc- 
on smoothing” (Naval Research Logistics Quarterly, March, 1959). 
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>roken down into periods (as we have seen in the schedules in Figs. 9-9 and 
.3-1). The network consists of a chain of identical units, each unit representing 
me for production and the other for inventory. The flow in the network is as 
ndicated by the arrows in Fig. 13-3 (in which the £th time period is shown), and 
he flow must always be positive. A certain amount of production capacity is 
larried over through the productive flow line from the preceding period. At the 
beginning of the period one can plan to increase the capacity (by adding labor, 
nachines, overtime, subcontracting) or to reduce it (by lowering the labor force, 
?tc.). The output flows into the inventory line, from which a certain quantity is 
capped out for sale. For the sake of simplicity it has been assumed in Fig. 13-3 
:hat the output of the £th period reaches the inventory flow' line only at the end 
>f the period and that the sales volume of the period also lea ves at the end of the 
>eriod, but modifications to this graphical model can easily be incorporated 
vhenever necessary. 


60 60 60 60 60 60 60 60 60 



(c) 

Figure 13—4. Policies in analyzing production smoothing problems: 

(a) A static production program. 

(b) A static inventory program. 

(e) A combination of (a) and (b). 

At any point of intersection in the network we must have equilibrium of flow; 
lamely, the flow into the intersection is equal to the flow coming out of it. On 
he production flow line: (previous capacity) + (any increase) — (any decrease) 
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= (output) = (capacity carried over to the next period). On the inventory line: 
previous inventory) + (output) = (sales) + (inventory carried over to the 
.ext cycle). 

Bearing these conventions in mind, we can omit any arrows in drawing the 
etwork and indicate only the quantities in each branch, as shown in Fig. 13-4. 
'he first policy mentioned above for coping with fluctuating demand (namely, 
hat of a static production program) is illustrated in Fig. 13-4a. The bottom 
gures indicate the sales volumes, and while the flow in production line remains 
onstant, the inventories fluctuate considerably. Figure 13-4b illustrates the 
econd policy of a constant inventory level, while Fig. 13-4c shows one possible 
om bination. 

roduction loading 4 

Suppose there are n periods in our planning program, the expected sales 
olumes during each period being S x (for period 1 ), £ 2 , S z ,.. .,S n . The quantities 
etually produced are Q x , Q 2 , .. ., Q n . If we assume that a quantity produced 
uring a period (say, one week) becomes available to the sales department only 
t the end of the period, we must have some initial stock Q q to start with, other- 
ise the demand during the first period cannot be met. The inventory level 
vailable is Q 0 at the beginning of the first period, Q 0 -j- Q x at the beginning of 
le second, + $i + • * • + Qi-i at the beginning of the zth period, etc. 

If the cost of carrying one unit in stock for one period is c 0 , the cost of a unit 
irried from the initial stock Q 0 to the ith period would be ic 0 ; the cost of a unit 
roduced in the first period and carried to the ith period would be (i — l)c 0 , etc. 
hese unit costs are showm in Table 13-1, w^here c 1 is the cost of producing one 
ait, and it was assumed in the table that this does not change from period to 
eriod. Suppose now^ that is the cost incurred by use of regular time; but if we 
ive to use overtime, the cost would be c 2 per unit, and if we have no more 
rertime available (or are reluctant to use it), w T e can still subcontract some of 

Table 13-1 
Unit Cost 




(Carrying Costs and Regular 

Sales Periods 

Time) 



1 

2 

3 

n 

Total 

Capacity 

nitial inventory) 
'oduetion periods 


-c 0 

3c 0 . . 

nc 0 

<?0 

1 

Cl 

C! + Co 

c t + 2c 0 

c 1 -r (n — 1 )c 0 

-4, 

2 

— 

c l 

c i + c 0 

Ci -f {n — 2)c 0 

JL 

3 



C x 

. ... 

.4 3 

n 

equirements 

8 1 

s*> 

s 3 

Ci 

s n 

-4« 


4 The remainder of this section may be omitted at first reading. 
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the production volume at the cost of c 3 per unit. We can easily construct two 
more tables (similar to Table 13—1), one for the use of overtime, one for the use 
of subcontracting. 


Table 13-2 shows the quantities obtained from the various sources: Q u is the 
quantity in period 1 from regular time; Q 12 is obtained in period 1 from overtime; 
Q 1Z is still in period 1 but from subcontracting. The cost of producing Q j in 
period 1 is ^ ^ . * 

^lxll i ^2^*12 “h ^3^tl3 


Table 13-2 
Quantities 

Sales Periods 


(Initial inventory) 
Production periods 

(a) (b) (c) 

i 

Qo 

2 

3 

n 

Total 

Capacity 

Qo 

i- <?« - <?,= + <? 13 

2. <? 2l -f <?„. - Q S3 

3. Q 21 — Q 32 -t Qzz 

Qi 

Q 2 

Qo 


-^1 + 

A 2 + + C 2 

A z + B z -j- C z 


n Qnl ~T Qn 2 ~ QnS 

Qn 

A n + B n + C„ 

Requirements S x S z S z 

Note: (a) regular time; (b) overtime; (c) subcontracting. 

The total cost of production is therefore 

Sn 


n 3 

= 2 2 

i=1 3=1 


(13-1 


The inventory cost 5 in the first period is c 0 ((J 0 — Sj) and in the second period, 
Cq(Q q — <?! — S 1 — S 2 ), the total cost of carrying the inventory being 

Fu = c 0 [n(Q 0 - 5,) + (» - 1)(Q X - S 2 ) + (» - 2)(Q 2 - S 3 ) 

+ • • • + (Qn-l — £»)] (13-2) 

where Qj = — Q 12 — Qiz 

Q'2 == Q 2 .I ~~~ Q 22 ~~ Q 23 


Qn Qnl : Qn 2 ~T QnZ 

e have to find such values for Q u , Q 12 , etc., that would reduce Fi + Fn to a 
minimum, but at the same time we have to comply 'with restrictions of capacity. 

5 It is assumed in this expression that inventory charges are payable only per unit 
remaining in the store. If, however, the cost is proportional to the time a unit remains in 
stock, the cost for the first period would be c 0 x average number of units in stock. For 
approximately linear consumption during the period, this would be c 0 (Q 0 — ^aS^). 
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he total amount produced on regular time should not exceed A x during period 
A 2 during period 2, etc. The restrictions on overtime are for period 1, 
2 for period 2, etc., and on subcontracting it is G lz C 2 , ... (as indicated in 
able 13-2). 

This is a linear programing problem. Furthermore, it was pointed out by 
. H. Bowman 6 that Table 13-1 is a typical transportation cost table, the values 
. each cell being the costs to “ship” a unit from a certain production period to a 
les period. Some of the cells do not exist (marked by dashes in Table 13-1), 
nee it is impossible to produce something in the second period and sell it in the 
rst. The formulation of the problem as one of the transportation type has great 
1 vantages in actual computations, since the normal linear programing problem 
dved by the simplex method usually requires longer time for calculations. 

Multiproduct Scheduling in Batch Production 

If the rate of production is higher than the rate of consumption, the plant has 

> resort to batch production, and if the available time is to be fully utilized, the 
ant must undertake to produce several products in succession. The procedure 
Hornes as follows: The plant is fully engaged in producing one product until a 
■rtain predetermined inventory level is attained, and then it proceeds with the 
•oduction of another product. When the second product is produced in suffi- 
ent quantities, the plant proceeds to the third product, and so on. In the 
eantime, the stock level of the first product slowly declines owing to the regular 
msumption rate, until such a level is reached that the plant must start again 
i that product so that the sales department will be able to meet the demand 
r it. 

The problem may therefore be defined as follows: The plant is producing n 
•oducts one at a time, and the manufacturing cycle is concluded when all 
oducts have been produced, so that the cycle length is determined by the total 
ne required to produce all products in the cycle. The quantities produced 
ust be such that they will cater to this cycle time precisely; otherwise the plant 
ill either run out of stock prematurely or have excessive stocks which have to 

> carried over to the next cycle. At the same time, the quantities are governed 
7 the batch production theory presented in Chapter 10. The problems that we 
tve to analyze are therefore: 

How to go about optimizing the whole schedule, i.e., the whole cycle, rather 
than one product at a time. 

What criterion should be used for optimization? 

Does the optimized schedule specify quantities for the individual products 
that are compatible with the optimal batch sizes computed by the methods 
in Chapter 10? 

If not, how can the two objectives be bridged? 

6 E. H. Bowman: Production scheduling by the transportation method of linear pro- 
amming (J. Operations Research Society, February, 1956). 


Table 13-3 

Assignment of n Products to m Machines 
Matrix Table of Quantities Produced and Hates of Production 

Product Number 
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These problems, which are an extension to the batch production theory, are 
illy discussed in Chapter 14 together with a computational example, since 
Dace and the somewhat special nature of these problems do not allow their 
iclusion in this chapter. 

A more intriguing and complex situation occurs when products are manu- 
ictured on a batch basis, some consecutively and some concurrently, with 
roduction time overlapping to a varying degree. This problem calls for a 
Dmbination of linear programing and the techniques suggested in the next 
lapter, but this is beyond the scope of the present volume. 


The Assignment Problem 7 

In the case of job or batch production an array of tasks is defined at the 
eginning of a production period, and these tasks have to be performed by use of 
vailable processing time of several facilities. The problem is to assign the tasks 
) the machines or to the operators in such a manner as to minimize the cost of 
rocessing time during the period. 


istribution according to capacity 

The assignment problem is obviously related to the effective utilization of 
rocess capacity, and in that respect it is similar to the problem of determining 
le best “mix” (i.e., proportion) of products in a production program, which was 
iferred to in the last chapter. However, now the requirements are given, and 
lere is no question of changing the quantities to obtain a better “mix.” What we 
re required to do is assign these given tasks to the available machines. Suppose 
lere are n products to be made in the next production period, the quantities 
eing Q 1 Q 2 .. ., respectively. There are m machines or processes on which these 
roducts can be manufactured; hence the rate of production and cost of opera t- 
ig the machines may differ. If product 1 is distributed among the machines so 
rat Q x 1 is the quantity produced on the first machine, Q 12 the quantity 
reduced on the second machine, etc., then the total requirement for product 
is m 

Qi = Qi,i ~r Qi,2 ~t *'' + Qij ~b ‘ * ih Qi,m = 

i* i 


imilarly, the other products are distributed among the m machines, as shown 
i Table 13-3. Each column show’s the distribution of a certain product to m 
lachines, and each row shows the assignment of n products to a certain machine, 
hus, machine 1 will produce Q ltl of product 1; (? 2 ,i of product 2 ; Q 3a of product 
; etc. The total time loading on machine 1 is 

n 

Ql,l _g_ ^2,1 \' Qul 

a i,l a 2,l a i,l a n,l Z-4 a i, 1 


7 This section may be omitted at first reading. 
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where a Ul is the rate at which machine 1 can produce product i. But, since the 
capacity of the machines is restricted, the total loading should not exceed the 
maximum capacity ^ of machine 1, or 


and likewise for machine 2, 


and in general, for machine 


n 



i=l 


(13-3) 


(13-4) 


Furthermore, the quantities produced must be positive: 


Qi w ^ 0 (13-5) 

If our object is to minimize the cost of production, and if the cost of producing 
one unit of product i on machine j is c Lji the function to minimize is 

n m I 

c -22 c i,jQi,j == minimum (13-6) 

i=i j=i 

and this minimum must be found subject to the restrictions stated earlier. This 
is a linear programing problem that may be solved by the simplex method. 


Cost of operating production facilities 

Very often the cost of operating a machine may be solely dependent on the 
time it is kept busy, irrespective of which product is actually produced. If c x is 
the cost per unit time (hour or day) of actively using machine 1, the total cost 
for machine 1 is 


n 



i=l 

The total cost function for all the machines is 


Dr, in short : 



(13-7) 


Scheduling 347 


his expression simply means: Find the total time each machine will he engaged 
i production, multiply this time by the appropriate cost per unit time of using 
le machines, and add all these costs terms for all the machines to obtain the 
>tal costs for the production period in question. Our object is to minim ize the 
>tal costs. 
xample 

Four products have to be processed through the plant, the quantities re¬ 
ined for the next production period being: 

Product 1 2,000 units 

Product 2 3,000 uni ts 

Product 3 3,000 units 

Product 4 6,000 units 

here are three production lines on which the products could be processed; the 
ites of production in units per day and the total available capacity in hours 
% e given in Table 13--4. The cost of using the lines is $600, $500, $400 per day. 
ispectively. 

Table 13-4 

Assignment of Four Products: Rates of Production in Vnits Per Bay 


Production 


Product 



Max. Line 
_ Capacity 

Line 

1 

2 

3 

4 

(days) 

1 

150 

100 

500 

400 

20 

2 

200 

100 

760 

400 

20 

3 

160 

80 

800 

600 

IS 


otal - - - - 

requirements 

(units) 2,000 3,000 3,000 6,000 


Form ulation of the problem: The matrix of quantities produced is 

<? 3,1 <? 4,1 

$ 3*2 $ 4,2 

$ 3,3 $ 4,3 

Qz $4 

Cost of using line 1 
Cost of using line 2 
Cost of using line 3 

== minimum 



Qi,i 

Q>,i 


$ 1,2 

$ 2,2 


$ 1,3 

$ 2,3 

Total 

Qi 

$2 


he total costs function to minimize is 


600( 

'Qui 

+ 

$ 2,1 

_u 

$ 3,1 

+ 

QL 

^150 

100 


500 

400 y 

-f 5001 

^$ 1,2 

+ 

$ 2,2 

+ 

$ 3,2 

+ 

$ 4,2 

^200 

100 

760 

400, 

-f 400j 

'$ 1,3 

a 60 

+ 

$ 2,3 

80 

i 

T 

$ 3,3 

800 

+ 

$ 4,3 

600, 
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e restrictions being: 


Qi y i "r Qi/, 


<?1,3 = Qi = 2 ? ooo 
= $ 2 = 3,000 
= <? 3 = 3,000 
= 04 = 6,000 


<20 


$ 1,1 ! 

$ 2.1 

i 

$ 3,1 

, Q*.i 

150 “ r 

100 

i 

500 : 

400 

$ 1,2 . 

$ 2,2 


$ 3,2 . 

i $ 4,2 

200 " t ~ 

100 

~r 

760 ' 

h 400 

$ 1,3 _ j _ 

$ 2,3 

_ 4 _ 

$ 3,3 , 

$ 4,3 

160 ! 

80 


800 n 

1 600 


so, 

$1,1* $1,2’ “ * j $2,1» $2,2? * * * j $4,3 ^ ^ 

ie solution may now proceed according to linear programing techniques. 

How to determine the costs coefficients c? Certain cost factors may be con- 
ant, irrespective of the process or machine used, such as the cost of materials, 
'erhead, and to a certain extent labor costs. These should not be included in c; 
dy the difference between the cost of operating and not operating the machine 
question should be specified for this purpose. 

ffects of overtime or subcontracting 

Sometimes the capacity of a process or a machine may be increased, say, by 
aploying overtime or by subcontracting. But the cost of employing extra 
eilities may be higher than the cost of using regular time. Thus, process 1 in 
ible 13-3 has a maximum capacity of, say, for which the cost is c\ per unit 
me. If the total capacity A\ is used, we may employ overtime up to an addi- 
Diial capacity of, say, A" l9 but this would involve a cost of c" 2 per unit time. If 
.e total capacity A\ — A'\ is not adequate to cope vtdth the requirements, we 
ay be able to increase the capacity even further by subcontracting up to a 
parity of A' r \, but the cost per unit capacity would now be c"\. This means 
at the first row in Table 13-3 would be split into three row r s as follows: 




Product 

_ Max. 

Machine 1 

1 

2 

Capacity 

Regular time 

Q 1,1 

Q 2,1 


Overtime 

Q 1,1 

Q 2,1 

A'\ 

Subcont rac t ing 

Q h,i 

Q’\ i 

■■ A“\ 


l fact, what we have done amounts to adding two rows to the matrix table, 
ie three rows may be considered, for all intents and purposes, as three different 
ocesses, each with its own capacity limitations and its own cost coefficients. 
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ince the cost of overtime and subcontracting is higher than that of regular time, 
he optimal solution will automatically call for to be fully used before 
barting to draw on A'\ and for A'\ to be fully used before starting to use A"\. 
l he assignment problem in such cases does not, therefore, basically change; 
nly the number of rows in the matrix Table 13-3 increases by the additional 
Iternatives that are presented. 

’xample 

A plant produces two products in flow production, and it can increase the 
utput by use of overtime or by subcontracting. The data for maximum output 
nd costs per unit are given in Fig. 13-5. It is required to show how the products 
lould be scheduled in the forthcoming period in order to reduce costs to a 
linimum, if 2,000 units of each are to be finished at the end of the period. 



gure 13-5. Two products to be processed on the same production line. (Figures 
i the broken line indicate the costs per unit by using the following facilities: 
regular time: II, overtime: III , subcontracting.) 


Formulation of the problem: There are, in fact, three facilities; namely, 
Aguiar time, overtime, and subcontracting. Table 13-5 gives the matrix 
:esentation. 


Table 13-5 

Product 1 Product 2 



Quantity 

Maximum 

Quantity 

Maximum 

Facility 

Produced 

Capacity 

Produced 

Capacity 

1: regular time 

Q 1,1 

1,000 

<?=, i 

1,600 

2: overtime 

^1,2 

800 


800 

3: subcontracting 
Total requirements 

Q 1,3 
2,000 

600 

<? 2l3 

2,000 

600 


he cost function to optimize is 

C = 10<? l3l + 14$ 1?2 + 20<? 1;3 (= total cost of product 1) 

+ 6<? 2 ,i + l-((? 2,2 + Qz,z) (= total cost of product 2) 





Scheduling Orders with Random Arrivals 

When a plant is engaged on job production or on comparatively small batches, 
lost of which do not recur in any regular fashion, production planning is faced 
ith the problem of scheduling orders with random arrivals. The main difference 
etween this situation and the one described in the preceding problem is that 
rograming in this case is not geared to production periods. There is no array of 
asks given at predetermined times to be scheduled during subsequent periods. 
Orders arrive at random and have to be scheduled on arrival, so that scheduling 
5 a continuous process. When machine time is available, the job is immediately 
>aded on the machine; otherwise, arriving orders have to wait in a queue until 
laehines become available. If the processes or machines are not identical, the 
ibs may be arranged in increasing order of operating costs for the products 
oncerned. so that cheaper processes are used first; when the specific process or 
lachine capacity is exhausted, the next process is used, and so on; the same 
roeedure would apply to the use of overtime and subcontracting. 

roblems of random-order scheduling 

This situation is somewhat similar to conventional problems in queueing; for 
istanee, the problem of assigning k repairmen to look after n automatic 
laehines. When a machine stops, it demands the attention of a repairman, and 
■ one is available, the service is rendered; otherwise the machine has to wait. In 
ur case the orders become customers demanding service, and the machines are 
lie ‘■repairmen,’ 1 or servers. However, queueing theories have not been applied 
3 solve this scheduling problem, mainly because it is far more complex than the 
ueueing models so far considered. Take, for example, the following important 
ssues: 

The machines providing the “service” are usually not identical. Some are 
technically more suitable and more economical than others; some may be 
totally unsuitable. 
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The production time may depend on the machine selected to perform the job. 

The sequence in the queue may be reformed by priority rules, depending on 
the total length of the queue, promised delivery dates, penalties, etc. 

Additions to the queue are often dependent on its length, the system having 
certain servomechanism characteristics. 

11 these problems make it rather difficult to construct a mathematical model 
ith which the behavior of the system may be adequately described and with the 
d of which optimal policies may be formulated. The most effective technique 
l such cases is that of simulation (sometimes referred to in literature as 'system 
mutation” or “monte carlo method”). 

he simulation technique 

The simulation technique is useful in that it allows us to experiment with the 
rstem on paper. With the absence of a model describing the behavior of the 
rstem, we are not quite sure what outcome to expect if we change its operating 
>nditions. Experimenting with the system itself may prove to be too costly 
3th in money and in time, and indeed in many cases, far too risky. If, for 
cample, an industrial engineer suggests that as an experiment a certain process 
lould be expanded in order to overcome certain scheduling difficulties, and if it 
irns out that after considerable expense the situation has not improved (or has 
*rhaps even deteriorated), then—w r ell, the prospects of our engineer's future 
id the frustration of management would better not be put in so many words. 

The engineer can, however, experiment with system on paper, without 
itexfering with the system itself in any way. From past history of the system 
id the frequency of occurrence of events, he can “generate” further history 
id observe how the system would react to any changes in the parameters, 
erv often it is possible to generate several years in a matter of a few hours, 
specially with the aid of a computer, so that one can afford to run several 
scperiments at comparatively little cost, without having to wait many months 
r years to ascertain the outcome and without running the risk of leading the 
iterprise to disaster. By systematically changing each parameter at a time, it is 
ossible to obtain a good idea as to how the system behaves, to find the relevant 
ammeters governing its reactions, and to determine what policies should be 
co mm ended with the view of improving system performance. 

■ccample 

Perhaps the simplest way of explaining how simulation is applied would be by 
ay of an example. Suppose a plant receives orders every day, the number of 
rders ranging from one to ten. Records in the order book show that the 
■equency of occurrence for one order arriving per day has been 10 per cent, and 
> has the frequency of two orders coming in per day, three orders, etc. In short, 
le distribution of the number of orders per day in the past has been rectangular, 
ith one and ten orders as the two extreme limits. Each order entails a certain 
umber of machine hours; analysis of past records are summarized in Table 13—6. 
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Table 13-6 

Cumulative 


Machine Hours 

Frequency (%) 

Machine Hours 

Frequency ( 

0-5 

6 

0-5 

6 

5.01-10 

4 

0-10 

10 

10.01-15 

10 

0-15 

20 

15.01-20 

12 

0-20 

32 

20.01-25 

14 

0-25 

46 

25.01-30 

14 

0-30 

60 

30.01-35 

14 

0-35 

74 

35.01-40 

10 

0-40 

84 

40.01-45 

6 

0-45 

90 

45.01-50 

6 

0-50 

96 

50.01-55 

2 

0-55 

98 

55.01-60 

2 

0-60 

100 


hie cumulative frequency curve for machine hours per order is plotted in Fig. 
ML If we assume now that the same probabilities of the number of orders per 
iy and the machine time per order will continue in the future, we can generate 
ture events with the aid of a table of random numbers (given as an Appendix 
■ the end of the book). Each digit in this table is an independent sample from a 
)pulation in which the digits 0 to 9 have an equal chance to appear; i.e., each 
git has a probability of 0.10. 



Hours 

First, let us find how many orders per day we are likely to obtain in the future, 
ased on past events, we assume that 1,2, ..., 10 orders have a probability of 
l) per cent; therefore the digits in the random numbers table immediately tell 
s the number of orders per day, except that whenever 0 appears, we interpret 
iis event as ten orders per day.. Starting off at the beginning of the table (we 
m, in fact, start wherever we like, since by definition the table is unbiased), 
e have 2, 10, 1, 7, 4, 2, ..., orders per day. 

And how many hours does each order entail? Again we use the table, but now 
e take two digits at a time (e.g., 20, 17, 42, 2S, etc.). Each number is taken to 
^present the cumulative frequency in Fig. 13-6, from which the number of 
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louis can be read off the abscissa. Example: The first order is related to a 
cumulative frequency of 20 per cent, which (from Fig. 13-6) involves 15 hours; 
'he second, 17 per cent, involving 13i hours; etc. Our generated history is given 
ii the accompanying table. 



No. oj 



Day No. 

Orders 

Machine Hours 

Total Hours 

1 

2 

15; 131 

284 

2 

10 

234; IS; 16; 134; 294; 524; 




22; 304; 34; 10 

219 

3 

1 

41 

41 

4 

7 

10; 264; 28; 451; 27; 24; 17 

178 

5 

4 

354; 26; 5; 26 

924 

6 

2 

44; 5 

94 

7 

2 

10; 204 

304 

S 

8 

274; 34; 10J; 28; 254; 32; 




474; 30 

235 

9 

2 

474; 26 

731 

10 

3 

29; 24; 474 

1001 

11 

1 

34 

34 

etc. 





The third column specifies the machine hours per order and the last column 
;ives the total number of hours required, i.e., the load that has to be scheduled, 
t appears that this load varies considerably (the distribution of generated 
nachine hours required every day by incoming orders is shown in Fig. 13-7). 
7he problem is how to determine the best capacity that would cope with this 
ituation. If the capacity is too low, the expected machine utilization would be 
ugh, but orders will have to wait until processing becomes possible. In fact, if 
he process capacity is lower than the average daily load, the queue of orders 
rill continuously increase, and there would be no hope of ever coping with it if 
►rders continued to flow in at the same rate. In our case the average daily load 
from Fig. 13-7) is 139 hours. If the process capacity is, say, only 100 hours per 
lay, the queue of waiting orders (measured in machine hours) grows rapidly. 
,s shown in Fig. 13-8. 

If, on the other hand, the process capacity is comparatively high, the waiting 
ime of orders will considerably reduce, but machine utilization can be expected 
o be rather low. As penalties are associated with waiting orders on the one hand 
,nd with machine idle time on the other, there is conceivably appoint at which 
he total costs would be at a minimum. 

Assuming that orders can be loaded only on the day following their arrival, 
aid that the breakdown of the daily load into orders is of no consequence from 
he point of view of scheduling, we can proceed to schedule the load generated 
a Fig. 13-7 on the plant. Two examples, one for a daily capacity of 160 hours 
aid the other for 200 hours, are shown in Fig. 13-9. The simulated schedule has 
o cover a reasonably long period so that calculations based on mean loads and 


t 
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Days 


Figure 13-7. Generated orders arrival (in machine hours per day). 


Iting times are not greatly affected by the random load arrival. Furthermore, 
ee in our simulated history we started with an idle plant waiting for work, 
ile the plant might actually have been partially loaded, it would be advisable 
chop off an initial ‘‘running-in 55 period in the simulated schedule. If in our 
;e the cost of idle machine time is $5.00 an hour and the cost of an order waiting 



Figure 13-8. Queue of waiting orders (measured in 
machine hours) when capacity is 100 hr. 
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Day number 



£ure 13-9. Scheduling the load in Figure 13-7 for tico cases of plant capacity . 

(a) Capacity 160 hours. 

(b) Capacity 200 hours. 


$1.00 per machine hour per day, the results (based on a period of 50 days, 
>m day 11 to 60) are shown in Table 13-7 and Figs. 13-10 and 13-11, from 
rich we find that the optimal capacity lies at 152 machine hours. 


Table 13-7 


Daily 

Av. Daily 

.4t\ Daily 

Av. Daily _ 


Cost ($ jday) 


Capacity 

Machine 

Machine 

Orders 

Idle 

Orders 

Total 

{hr.) 

Running 

Idle Time 

Waiting 

time 

Waiting 


140 

(hr.) 

135.8 

(hr.) 

4.2 

Time (hr.) 

176.3 

21 

176 

197 

145 

137.3 

7.7 

144.5 

38 

145 

183 

150 

138.6 

11.4 

116.2 

57 

116 

173 

160 

138.6 

21.4 

74.6 

107 

75 

182 

170 

138.8 

31.2 

49.8 

156 

50 

206 

180 

138.9 

41.1 

35.4 

206 

35 

241 

190 

138.8 

51.2 

26.9 

256 

27 

283 

200 

138.8 

61.2 

21.3 

306 

21 

327 
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Daily capacity (hr.) 


Figure 13-11. Effect of plant ca¬ 
pacity on average penalty costs 
per day . 


:r applications of the simulation technique 

the preceding example we dwelt on the effect of over-all machine capacity 
le schedule. The same simulation technique can be used to examine several 
ible alternatives for coping with the arriving orders; for example: 

Is expansion in capacity from the present one (say, 140 hours) to 152 hours 
dding machines (regular time) preferable to use of overtime? 

If the problem cannot be handled on the basis of over-all capacity (total 



Scheduling 357 


capacity being made up of several machines), and if only one order can be loaded 
on one machine at a time, what is the optimal number of machines required? 

3. What effect will priority rules (e.g., orders of less than 20 hours to be placed 
at the head of the queue) have on the schedule ? 

The simulation method is a powerful tool. It is both simple to use and effective 
in demonstrating to management the characteristics of the system, without the 
vise of mathematics. It is capable of handling some very complicated situations 
and of generating history fairly quickly. The main disadvantage of the method 
from the analyst's point of view is that most of the time he is working in the 
dark, especially when the system is complex and governed by several parameters, 
so that only after a fairly large number of experiments can he draw some con¬ 
clusions about the proximity of the optimal point. The same technique can be 
employed to examine many other problems in production planning; for example: 

Study of the number of machines allocated to one or several operators 

Study of machine balancing when operation times are subject to variations 

Scheduling maintenance and repairs in the plant 

Determining the optimal number of inspectors in the plant 

Determining the number of storeskeepers in a store 

Determining the number of clerical staff in an office 

Study of the effectiveness of various policies in inventory control 

Product Sequencing 

In job or batch production we often have at the beginning of a production 
period several products that have to be manufactured on certain machines 
according to a predetermined sequence. The data can be presented as, for 
example, in Table 13-8, and the problem is to determine the best sequence in 
which the products should be loaded on the machines. There is, naturally, a 
conflict between performance at maximum machine utilization (implying that 
there is a queue in front of each machine, so that machine idle time is kept at a 
minimum) and scheduling to customer satisfaction (i.e., complying with pre¬ 
determined delivery dates), and a satisfactory compromise has to be struck on 
the basis of costs ratios. 


Table 13-8 


Product 


Operation 

1 

2 

3 

4 

5 

6 


*4 


B 


C 


D 


E 


Machine 

Time 

Machine 

Time 

Machine 

Time 

Machine 

Time 

Machine 

Time 


(hr.) 









M2 

10 

M2 

5 

Ml 

5 

Ml 

2 

Ml 

2 

Mo 

12 

Ml 

5 

M2 

6 

M2 

2 

M5 

5 

Ml 

14 

M6 

5 

M3 

7 

M4 

4 

M6 

6 

M6 

2 

M4 

8 

M4 

2 

M6 

2 

M4 

7 

M4 

o 

M3 

2 

Mo 

1 

Mo 

6 

M3 

15 

M3 

6 

Mo 

6 

M6 

5 

M3 

8 

M2 

2 

M7 

2 

MS 

1 



M8 

1 

MS 

2 

M8 

4 





M7 

1 




8 
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ence analysis 

ven 7i jobs to be performed on the same machine, the number of possible 
mces for loading the jobs is ?il, and this number becomes rather formidable 
increases (for n = 5, the number of alternatives is already 120; for n = 6, 


Table 13-9 


Machine 

Operation Times in {days) for Three Products 
ABC 

1 

1 

2 

3 

2 

6 

2 

3 

3 

5 

6 

2 

Total 

processing 

time 

12 

10 

8 


f 20: and for n = 7, we have 5,040, etc.). If, however, our aim is to complete 
le jobs in the shortest possible time, the selected sequence is of no conse- 
ce, since no delay is associated with any particular sequence. Even when 


© 

> 

o 

c 

v. 

® 

< 

ABC 

ACS 

BAC 

BCA 

CAB 

CBA 


® 

c 

jE 

u 

D 

1 

2 

3 


1 

2 

3 


1 

2 

3 


1 

2 

3 


1 

2 

3 


1 

2 

3 


A B C t 
| 1 A , 3 . C 

A B . C 


A C B 

A ] C ) B < 

A , C . B 


B [ A | C t 

, B t A , C 

B A , C 



B , C . ._A 


C ,A B , 

, C A B , 

, C , t A t B 

C B t A, 

, C S A t 

. C . B . A 


Total 

(days) 

20 


20 


17 


19 


23 


19 


-i— i—j—*— i—i—i—i—i—._i_i_i_i_i_ -tii _i 


0 2 4 6 8 10 12 14 16 18 20 22 24 26 

Time scale (days) 


Figure 13-12. Alternative schedules of three products on 
three machines . (See Table 13-9) 
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products have to be processed on m machines each, the sequence is of no 
portance, provided processing is carried out on the machines in the same order 
• all products and provided the operation times on all the machines are the 
ne for all products. But once either the order of operations varies for different 
:>ducts or the operation times vary, the sequencing of products may become 
significant problem. 

Take, for instance, the example shown in Table 13-9, where three products 
i processed on three machines. The sequence of operations is the same for all 
:ee products, but operation times differ. There are six alternatives in winch the 
Dducts could be scheduled: ABC, ACB , BAC, BCA , CAB, CBA. Which 
pience yields the shortest total processing time for all three products ? The six 
ernatives are shown in Fig. 13-12, from which w T e conclude that the sequence 
tC provides the answer. It is interesting to note that the processing time for 
is 10 days, which is neither the longest nor the shortest in Table 13-9. Hence 
would seem fallacious to assume (as some schedule planners do assume) that 
nimum total processing time is achieved by setting priorities either in favor of 
3 longest job or the shortest job. Some schedules involve a certain amount of 
»erim machine-waiting time, such as the sequences BCA and CAB, and this 
.iting time may cause an increase in the total processing time. 

nimum processing time 

There are three principal scheduling routes, obtained by giving priority to A, 
B, or C , as shown in Table 13-10, and if w’e add the operation times along the 
ites, w r e shall get the minimum processing times per route. 

Table 13—10 


Three Principal Scheduling Routes 

ABC ABC ABC 


Machine 1 

1 

1 

Machine 2 

2 

2 

Machine 3 

3 

_ 3 


Route A Route B Route C 


The subsidiary routes (principal route A has two subsidiary routes, namely, 
3C and ACB) may be longer than the principal routes, if waiting machine time 
increased as, for example, in the case of principal route B, wilich is shorter 
m its subsidiary BCA. The shortest possible total processing time is obviously 
r e n by the shortest principal route, provided it can be matched by one of its 
bsidiaries. To discover the shortest principal route, we merely have to find 
dch column in the matrix yields the lowest sum when the last row is removed, 
.ce the last row is common to all routes. In the case of Tables 13-9 and 13-10, 
3 row for machine 3 accounts for 13 days processing time, and the columns 
• the first two operations for products A, B, and G yield 7, 4, and 6 days, 
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actively; hence principal route B is the shortest. In general, if we have a 
ix of n products (columns) by m operations (rows), such as 

hi ^21 * * * ^'i * * * 

’ * * ^nj 


•e t tj is the time required for the ith product on the Jth operation, the shortest 
fipal route is that through product k, provided 


m — i m — i 

2 < 2 *« 


j=i 




(13-8) 


*e i = 1, 2 .. n. 

e see from Fig. 13-12 that in order to avoid any machine waiting time, the 
id operation on the first product must be equal or longer than the first 
ation on the second product, the third operation on the first product must be 
1 or longer than the second operation on the second product, and so on. 
:her words, if the products are now rearranged in the order of scheduling so 
the shortest principal route is through product 1, then 


t \2 ^ ^21 


ft a ^ ^ f* 


^14 ^ ^23 ^ ^32 ^ ^41 

so on. Even if some machine waiting time is incurred, the shortest principal 
? time is attainable, provided the with machine has no interim waiting time, 
is perhaps clear from the graphical presentation in Fig. 13-12. The schedule 
. could have been reduced to 17 days had the second operation on product 
lied 4 instead of 6 days. This would still have left machine 2 waiting between 
rst and second tasks, but by eliminating the last machine waiting time, the 
mum over-all time could be obtained. If all the subsidiary routes of the 
best principal route incur machine waiting time, it is, of course, possible that 
will be longer than the shortest feasible time attainable through some other 
?. It is still advisable to start with the shortest principal route, since by 
stigating its subsidiaries, we can easily determine whether this theoretical 
mum time is at all attainable. This is particularly useful in product layouts, 
e the sequence of operations is virtually the same for all products. 
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mple 

ive products have to undergo the following operations: 


Product JSTo. 1 
2 

3 

4 

5 


1/12 2/8 3/16 4/5 6/6 
2/9 4/16 5/16 7/8 
1/12 2/14 6/19 7/20 
2/5 3/6 4/9 5/10 6/10 
1/9 2/10 3/10 4/5 6/8 


Le first number denotes the machine and the second stands for the number of 
■ s, find the shortest principal route. 

tion 

lthough it is not apparent at first sight, the products are manufactured in 
same order. Let us rewrite the data in the form of a matrix, the figures in 
)h will be the operation times in hours. 


Machine Number 


Products 



1 

2 

3 

4 

5 

1 

12 

0 

12 

0 

9 

2 

8 

9 

14 

5 

10 

3 

16 

0 

0 

6 

10 

4 

5 

16 

0 

9 

5 

5 

0 

16 

0 

10 

0 

6 

6 

0 

19 

10 

8 


— 

— 

— 

— 

— 

7* 

0 

8 

20 

0 

0 

Total time on 





— 

machines 1-6 

47 

41 

45 

40 

42 


'otal time for this machine = 28. 


other words, we say that each product has seven operations, some of which 
ire zero processing time. The shortest sum of the first six operations is 
ugh product 4, the shortest principal route is therefore 40 4- 28 = 68 hours, 
buations such as those presented in Table 13-8, where the sequence of 
ations is not the same for all products, are far more complicated. If one 
ence of operations is normally predominant with only few' deviations from 
ie situation may sometimes be handled successfully by artificially “forcing” 
le products into the sequence and numbering afresh the deviating operations, 
sxample, if the sequence is through machines 1, 2, 3, 4, 5, but one product 
30 be processed through 1, 2, 4, 5, 3, we can force it into the sequence by 
lg that the product is processed on machines 1, 2, 3, 4, 5, 6, wiiere the time 
achine 3 is zero and machine 6 is just another name for machine 3. This may 
e to be convenient in studying the possible alternative product sequences, 
ever, no general mathematical treatment has vet been suggested through 
h the shortest sequence can be located. 
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Summary 

The production planning department is responsible not only for constructing 
feasible and realistic schedule but also for analyzing and evaluating all possible 
Iternatives in order to determine which one to adopt. The analysis depends on 
he circumstances under which scheduling has to be performed and on how easy 
& is to construct a model that adequately describes the behavior of the system. 
)f the many scheduling problems known in literature, five basic situations were 
elected for discussion: 

Flow production scheduling , to determine production output and stock levels in 
cases of fluctuating demand 

Batch production scheduling , when products are manufactured consecutively 
(further analyzed in the next chapter) 

The as&ignment problem , to determine how T to allocate an array of given tasks 
to given available production facilities 

Scheduling orders for job or batch production when they arrive at random and 
have to be loaded on the available facilities on arrival 
Product sequencing , to determine in which order to schedule products, each 
having a given sequence of operations to be performed on given machines 

rlany scheduling problems are combinations of these basic cases and call for the 
Lse of several techniques when optimal solutions are sought. 
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Problems 

. For the sales columns indicated in Fig. 13-4, suggest the optimal policy if the 
cost of increasing or reducing the production capacity is $20 per unit, 
whereas the cost of storage is $10 per unit per period. 

. The sales forecasts for a product are as follows: 


Period 

Units 

Period 

Units 

1 

1,200 

6 

800 

2 

1,100 

7 

800 

3 

1,000 

8 

900 

4 

900 

9 

1,000 

5 

850 

10 

1,000 
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The production capacity is 1,000 units per period (regular time) and 300 
units per period (overtime). Subcontracting can be relied on up to a capacity 
of 400 units per period. 

Cost data: Overtime, $25 per unit more than regular time; subcontracting, 
$20 per unit more than regular time; storage, $8 per uni t per period. 

Task: 

(i) Suggest an optimal production schedule for the ten periods, if the initial 
inventory is 200 un its. 

(ii) Find the cost of this program. 

(iii) Draw the stock level variations during the ten periods. 

)ur orders have to be assigned to either of two machines or distributed among 
them. The orders are: 


Order No. 

Units 

Rate of Production , Machine 1 

1 

2,000 

80/day 

2 

4,000 

140/day 

3 

800 

100/day 

4 

600 

60/day 


The rate of production on machine 2 is 20 per cent lower than that of 
machine 1. If the cost of operating machine 1 is $80 per day and that of 
machine 2 is $60 per day, how would you assign the orders to the machines? 


■ders can be assigned to three production lines as follows: 


Rates of Production (units per day) 


Product 

Assigned to: 

Line 1 

Line 2 

Line 3 

1 

any line 

100 

100 

150 

2 

lines 1, 2 

50 

80 

— 

3 

lines 1, 3 

80 

— 

80 

4 

lines 1, 3 

100 

— 

120 

5 

any line 

120 

160 

120 


The cost of production in dollars per unit is as follows: 


Product 

Line 1 

Line 2 

Line 3 

1 

$10.00 

$10.00 

$12.00 

2 

4.00 

3.60 

— 

3 

6.00 

— 

5.00 

4 

4.60 

— 

4.00 

5 

2.40 

2.20 

2.40 

The total requirements are: 




Product 

Units 



1 

8,000 



2 

1,000 



3 

800 



4 

800 



5 

1,000 


How should the orders be 

assigned 

to the three production lines? 
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(i) In the example used in the text to illustrate the simulation technique, 
find the optimal plant capacity, if the cost of idle machine time is 15.00 
per hour and the cost of an order waiting is $2.00 per machine hour per 
day. 

[ii) The present capacity of 140 machine hours per day is considered to be 
too low to cope with the incoming load. Two alternatives are suggested: 

(a) Add a machine to increase the capacity to 148 hours; this would 
entail a flat increase in costs of $36 per day. 

(b) Use overtime, which costs (whether the machines are running or not) 
$1.00 per machine hour more than regular time. 

Find the optimal n umb er of overtime hours that should be used. Which 
alternative is cheaper? 

hop of 17 semiautomatics (each working for 8 hours regular time per day) 
ias to cope with orders of random arrival. Past records show that the number 
f machine hours required per order is as in Fig. 13-5, the frequency of arrival 
eing as follows: 


Orders per Day 

Frequency (° Q ) 

No. of Orders per Day 

Frequency (%) 

0 

5 

9 

9 

1 

2 

10 

12 

2 

3 

11 

13 

3 

3 

12 

13 

4 

4 

13 

6 

5 

5 

14 

3 

6 

5 

15 

2 

i 

6 

16 

1 

s 

8 




The cost of idle machine time is $5.00 per hour and the cost of orders 
rafting time is estimated at $2.50 per hour. 

(i) If orders can be scheduled on the day following their arrival, and if only 
one order can be loaded on one machine at a time, find the optimal 
number of machines for this shop. Assume all machines to be identical. 

(ii) Find the effect of the following priority rule for 17 machines and for the 
optimal number found in (i): orders on hand are arranged in the order 
of magnitude (measured in machine hours) and the shortest is always 
scheduled first. 

(iii) Tb e priority rule is modified as follows: orders on hand are classified 
into two groups, the first consisting of less than 30 machine hours each, 
the second of more than 30 machine hours each. What effect would you 
expect when either group is always scheduled in preference to the 
other? 

(iv) Comment on these priority rules. How would you go about determining 
what optimal priority rules, if any, should be adopted?' 




Scheduling 365 


Three components A, B, and <7, have to be produced on four machines. Ml, M2, 
M3, and M4. Sequence of operations and times are given in the following table: 


Product 

Operation 

Machine 

Operation Time (days) 

A 

Ajl 

MI 

2 


A12 

M3 

4 


AI3 

M2 

3 


A /4 

M4 

6 

B 

Bi 1 

Ml 

4 


B\2 

M2 

3 


BI 3 

M3 

4 

C 

Cl 1 

M2 

4 


C/2 

M3 

5 


C/3 

M4 

3 


(i) Suggest a schedule by which the production of all three products can 
be completed in the shortest possible time. 

(ii) The cost of operating the machines is given as: Ml, $60 per day; M2, 
$100 per day; M3, $100 per day; M4, $40 per day. If the cost of idle 
time is 60 per cent of the above, suggest a schedule by which production 
costs would be minimum. 


For a certain bus route the following number of buses are required: 


Time 

No. of Buses 

6—8 AM 

20 

8-10 AM 

30 

10-12 AM 

20 

12-2 PM 

18 

2-4 PM 

12 

4-6 pm 

30 

6-10 pm 

12 

10-12 pm 

10 

12-6 AM 

6 


If each driver is working 8 consecutive hours per day, find the smallest 
number required to comply with these requirements and outline the daily 
schedule. 




14 1 

BATCH PRODUCTION 
SCHEDULING 


'he theory of optimal batch computations, as expounded in Chapters 10 and 
is based on the approach that each product is considered on its own. The 
ification for such an approach is self-evident: We want each product to be 
ctively manufactured, so that it can be competitive and contribute to the 
'-being of the firm. This approach, however, does not take count of the effects 
adividual products on each other and on the production schedule. Suppose 
: we have faithfully computed the optimal quantity for each of the products 
3 have to be produced; do these figures constitute a final satisfactory and 
kable answer to our batch production problem? It appears that our problems 
r only begin. 

irst, each quantity requires a certain amount of time for preparation and 
hine setup and for production. When all these required times for all the 
lucts that have to be produced are added together, we have the total load on 
plant. Does this load match the available machine time at our disposal? 
*ed, it would be a very strange coincidence if it did. If it is too high, the 
lirements simply cannot be met. 

^condly, each quantity is supposed to last a certain period of time, which we 
>d the consumption time. During this consumption period the machines and 
pment can be utilized to produce some other products on a batch basis. But 
te other products are to be produced at optimal levels too, how can we be 
that when our first product is to be produced again, its stock level would 
e dwindled precisely to the safety level that necessitates its production in 
case ? Again, the likelihood that these two events will coincide (and what is 
e, that they should coincide for every single product in the production pro- 
n) is extremely small. The computed optimal batch may be too high, so that 
n the product is produced again, excessive stock remains on hand from the 
eding cycle. Or the batch may be too small, in which case the stock will 
ice to zero before the product is due for production according to the 
dule. 

Hiis chapter may be omitted at first reading. 


367 
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In short: The optimal batches have to be fitted into a schedule, but the 
schedule imposes certain conditions and limitations on the individual quantities. 
How can these different claims be reconciled? 



Sequence of batches 

This problem may perhaps be best demonstrated by considering a production 
schedule for two products manufactured in succession on the same equipment, 
as shown in Fig. 14-1. The sequence indicated by the schedule would be as 

follows: 

Preparation and setup time for product 1 = t sl 
Production period for product 1 = T P1 

Preparation and setup time for product 2 — t s2 
Production period for product 2 = T p2 

Preparation and setup time for product 1 — t sl 

and so on. During the consumption period T C1 of product 1, the plant first 
produces product 2 and then product 1; hence 

T C1 = t$2 ~r + t a + T Pl 

And during the consumption period T c2 of product 2, the plant first produces 

product 1 and then product 2; hence 

^ a = hi ~r T Pl -j- t s2 + T v2 

• * T n — T c2 

The interpretation oi the equality of the two consumption periods is simply this: 
If the plant capacity’ is to be fully utilized (i.e., no idle time allowed), the con¬ 
dition stated above ensures that the two products are always available for issue 


Batch Production Scheduling 369 

and that stocks are replenished at the same level and to the same level at every 
cycle. But as T c — Q/a c , 

• _ &c2 

Qi ~~ ^ 

where Q x is the batch for product 1, a cl the rate of consumption of product 1, etc. 
If the quantities Q v Q 2 are computed for, say, minimum costs per unit, then by 
Chapter 10, 

o-Ji 

. 0% / &i s 2 

Qi V KoSj 

Hence, the following condition must be satisfied: 

j K x s 2 a c 2 

P. ® cl 

The ratio on the right is determined by circumstances prevailing in the market, 
while the factors on the left are mainly dependent on internal conditions in the 
plant. Thus, if optimal quantities are to be produced and at the same time 
the schedule is supposed to be devoid of idle time, to ensure availability of the 
products and to avoid excessive stock build-up, we are faced with an unreason¬ 
able condition to satisfy. It is evident that some deviations from the optimal 
batch sizes are inevitable when quantities have to be fitted into a production 
schedule; in other words, we have to resort to a compromise. 


Optimizing the Production Schedule 

Before we can attempt to outline any acceptable compromise, we must first 
seek the ideal solution when the whole production schedule is optimized. 
Supposing there are n products to manufacture and these are produced in succes¬ 
sion on the available equipment. In other words, the production schedule 
would read as follows: 


Tvl-> 


3)2 5 


‘ * ? t Si -, Tjfj, * * * 3 t sn , Tpn’, t s i? I 1 pi'> 


one production cycle 


Thus the equipment is assumed to be fully utilized and no idle time is included 
in the schedule. The total length of the production cycle is 


n 

T 0 = 2 ( f « + T *) (14_1) 

?" = 1 

and at the end of the cycle, product 1 comes up again for production and the 
cycle is repeated. 
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Maintaining stock level 

As stated before, one of our basic objectives is to ensure that the product is 
always available and that the pattern of stock level variations repeats itself 
from cycle to cycle and that there is no accumulation of stock due to excessive 
residuals at the end of each cycle. In order to plot these stock level variations on a 
time scale, we have to superimpose the individual patterns (as shown in Fig. 
10-2) on each other with appropriate time displacements. The peaks in the stock 
level graph for product 2 w*ould be displaced by t s2 + T v2 from those of product 
1, and the peaks of product- 3 would be displaced by t s3 + T pZ from those of 
product 2, and so on. The result would be somewhat similar to Fig. 14-1, except 
that n graphs instead of two would be superimposed on each other. The con¬ 
sumption period for each product is given by the horizontal (time scale) distance 
between two successive peaks of the stock level graph for that product, and it is 
not difficult to ascertain (precisely in the same way it was shown for two 
products) that, for perfect superimposition as described above, the consumption 
period for each product must be 

n 

>*) 

i=l 

hence 

T 1 = * * * = Ti= • • • = T n (14-2) 

where Tj is the consumption period for the zth product. But since 

T t = (14-3) 

««• 

Qi = XiQi (14-4) 

where x, = a ci a €l is the ratio of consumption rate of the ith product to that of 
the first product . Thus it is important to note that as soon as the products are 
put into a production schedule within the framework of conditions set above, 
there must be a quantitative relationship between the batch sizes of these 
products. This relationship is determined by the relative values of the rates of 
consumption of the products. 

Specifying batch sizes 

What batch sizes for the n products should be specified in order to secure 
maximum effectiveness of the whole schedule? 

First, howover, we must define how this effectiveness is to be measured, and 
immediately the four criteria considered in Chapter 10 (where each product was 
considered on its own) spring to mind: 

Minimum costs per unit 

This criterion is meaningless in a multiproduct schedule, since the units of the 
different products are not identical. The basic costs of materials and labor, the 
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ing charges, and the setup costs may be different for different products, 
there is no common denominator to which they can be reduced in order 
irify the term minimum costs per unit. 

imiim profit for the whole schedule 

the total cost per unit for product i is 7 2 * and the sales price is 7' f , the total 
} for the schedule would be 

n 

Z^^Q^ri-YJ (14-5) 

2 — 1 

n 

onvenience w r e may denote the sum 2 by 2. Substituting 

2 = 1 


T * = + £ ■+ K a 

Vi 

he relation 14-4, we obtain an expression for the profit in terms of only one 
ble, namely, the batch size for product 1 (the suffix i is also omitted for 
‘nience of writing) : 

Z = Q 1 2(7' - c)a - 2s - Q\ 2Ko£ 


profit becomes maximum w r hen 
dZ 


dQi 


= 0= 2(7' - c)oc - 2Q Y 2Kx* 


Qip = 


2a Y' - 2ac 
2 2Za 2 


(14-6) 


Q 1P is the optimal batch size for product 1 when the schedule is optimized 
iximum profit. If a nondimensional ratio P\ is defined as 


P' i 


2a 7' - 2ac 
2Q 1M 2K*i 


(14-7) 


Qim is the optimal batch size for product 1 when the schedule is optimized 
iximum return (see the analysis of the next criterion), then 

Qip = P'iQim (14-8) 

is analogous to the expression derived when only one product is con- 
I (Chapter 10, Eq. 10-27). 


mum return to the whole schedule 

urn was defined as the ratio of profit to the cost of production, and we saw 
i the case of a single product, the optimal solution provided for production 
imum costs per unit. The return for the whole schedule would be 

_ profit _ 2 Q(Y' - 7) YQT 

^ cost of production YQY ZQY 
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Substitute Eq. 14-4; therefore 


7 } = 


2a F 
2a7 


1 


(14-9) 


Now, this ratio becomes ma xim um when 2a Y is minimum, or w r hen 



dlxY n d /„ , 2s „ v „ .A 

= 0 — —( ~r b Qi 2Aa J 

dQi d Qi\ J 



o 

II 

c b 

W 

i 


hence 

QlM J UK a 1 

(14-10) 

or 

QiM ~ QlQlm 


where 

- / 

91 v 2AV-/A\ 

(14-10a) 


and the quantities for the other products are obtained by Eq. 14-4, namely, 

QiM = x iQlM 


Maximum rate of return for the ichole schedule 


Rate of return was defined as the ratio of profit to cost of production per 

unit time, or 


return 2(QY' - QY) 1 
cycle time 2 QY T c 


(14-11) 


Substitute 


rp _Ql. 

* C ) 

Q = o-Qi, 



a cl 

Hence 

K = — 1 


/ 2a Y' 

- fl 1 

Qi ' 

,2,r V 

a V2a Q t Y 


The rate of return is thus expressed in terms of the batch size for product 1 and 
its maximum is found at 



where 2~aF stands for ( 2a F)-. 


(14-12) 
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W<‘ know thal 

'/(J i Y «V,( r 

d 


I /(> I KkQxJ w'Q\ I » I A'a'V, 


U) 


'Wi 

r-v/. y 


i^/V, K ) ilv.r | ^2AV”V, S>/r. | 2 V, )JAV' 


| ' | AW, 

Vi 


i ya 


yaAv-vi. i *> >:»/• y 




. -v 


I 2 iiw. s i 
4fi 


y% 


2 5! i)/C a%f, 

Vi 

| 2 ilac XKr/}\) x 


2 Xw Xh 


r-V/r, | | a va/va« | 

Vi v 


| 2 Xw JIAV I 2 Q a XmXK«? 

mtifute those into H<|. N 12 and multiply by VV then 

PAV/« 2V' ,{ i( i>/ V i>/.r) SAV | VV Par | 2 2* 2AV 21a }" Xac) 

| 2V, Sac P | Ps 0 

h equation of Mm fourth order for V |H similar to the one obtained in (Chapter 
when only out* produet wan considered. The equation nan bo Himjililic^l if 
idad by >yw and if* the following relations are substituted: 


v^., V“i* (by Kc|. 14 10) 

./ /v a 

Cbr; 


<h 


Ql M 


(14 12) 


*re Via; in the optimal batch si'/e for product I for maximum rate of return, 
following expression in obtained: 


5J« Y f Xm 
■ <r\ 


Xs/Q 


I M 


, Xk Y f Xkc Xv.c \ Xc/.n 

2 • I 2 (J { • | l •::::.: () 


\ WViM 

using the following two nondirneriHional ration 

Xa Y' Xac X a Y' X ar 

2Vim 2A'a 2 
X<xc 


Xh/Qim) Xn/Qi M 


2 Xn/Qim 


(from Eqs. 14 7 and 14-10) 


(14-14) 
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the equation for q ± is reduced to 

q \ - 4 P\q\ - 2(1 - U.P'JqS + 2U lQl +1=0 (14-15) 

This equation is similar to Eq. 10-34, which was obtained for one product, 
except that the ratios P\ and l\ differ from p\ and iq by definition. This means 
that in order to find the economic batch size for product 1 (i.e., the value of #+ 
the same methods used for the solution of Eq. 10-34 may be employed, 
namely: 

1. Since Eq. 14-15 is nondimensional, its solution can be presented by a 
series of curves, as shown in Fig. 10-12. These curves can therefore be used both 
for multiproduct and single-product problems. For the solution of a multi¬ 
product schedule, use P\ as the ordinate (instead of p f ), U l as a parameter 
(instead of u). and the relation Q-^ — q-iQiM • 

2. The analysis of Eq. 10-34 has shown that the solution lies between 


1 



and q — — 

V' 

Likewise, the solution of Eq. 14—15 lies between the values 


(14-16) 


1 

?i = pT 

1 ( 14 - 17 ) 

md n. = -2- 

vhich may be used as good approximations for q v 
The procedure for determining the economic batches would be as follows: 

(i) Start with a data table in wilich the values of c, s, K , a, and 7' for 
each product are specified. 

(ii) Find by Eqs. 14—10 the batch size for product 1 for a maximum return 
multiproduct schedule (Q lM ). 

(iii) Evaluate P\ by Eqs. 14-14. 

(iv) To find Q lE . use either the approximations, Eqs. 14-17, or the solutions 
provided by Fig. 10-12, in w T hich case U 1 should first be evaluated by 
Eqs. 14-14. 

(v) Find the other batch sizes by Eq. 14-4. 

The solutions for optimal batch size determination, using the different criteria, 
re summarized in Table 14—1. The similarity between the solutions derived for 


Hatch, I 'rod i triton Hchcduliny 
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ngle product, arid Mm* corresponding ouch for a, multi product /schedule in 
king hut, perhaps not, wholly unexpected, The Holut,ionH for a Mingle product 
/ be considered a special ease of I,hone for the multiproduct /schedule (oh- 
ied when t,he schedule consists of only one product). 

, discussion of the criteria, lined for the optimal solutions in given in (lhapter 
find generally l,lm mu, rue remarks apply when therse criteria are evaluated in the 
I, of a whole schedule, 'Hie concept of* maximum profit per cycle appears to 
Misleading here it ,h well because hy adoptingsuch a yardstick for measuring the 
ctiveness of the schedule, the hatches arc increased, thereby lengthening the 
le and tying up t he* financial resources of the firm in unduly large stocks, 
to maximum rate of return ensures lower average stock levels and high 
rover, it would a ppear to he a better criterion to adopt than that of maximum 
irn, unless we may expect to derive some benefit from improved production 
,hods (and thereby reduce the costs) through the processing of larger 
•hes. 


Deriving a Realistic Solution 

hapter 10 presented optimal solutions for each product when it is considered 
tsown. In this chapter optimal solid,ions for the whole schedule were derived, 
wo have seen that the two are not compatible, since the schedule optimiza- 
sets a rigid relationship between the quantities of the various products 
uded in the schedule, and quantify ratios are determined hy the relative 
is of demand ami not hy the cost parameters that [day an important role in 
mal batch size determination whim each product is analyzed individually. 

also quite clear that neither approach can afford to disregard the other. 
h ridiculous to consider the products on an individual basis without any 
tion to the schedule, first, because if in this way the schedule will consist of a 
e proportion of idle time, the whole basis for costing the individual products 
r he seriously disrupted, and secondly because we cannot ensure that the 
I acts will always bo available in stock and be scheduled for production at 
right time. 

", is risky to consider the- schedule alone and forget about the individual 
luot,H, since each one- of these must stand on its own in the market, it must be 
petitive, and therefore it must be produced in such quantities that a certain 
-I production ceiling cost is not exceeded. We must also ensure that the total 
I imposed on the plant by the computed schedule is compatible with the 
litios at our disposal. 

isedure 

, is evident that some deviations from the*- ideal computed batch sizes are 
itable, and a compromise solution must be worked out in a form of a realistic 
sdule. This is where the production range becomes very useful. The maximum 
I production costs specified by management (conveniently defined by the 


Table 14 1 

Numm fit*;/ NoIuHohh 
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tor p) is translated into production range limits for each product. The pro¬ 
sed procedure for deriving a realistic solution is as follows: 

L. Compute the production range or the economic production range (depending 
the selected criterion) for each product. 

I. Find the ideal optimal solution for a multiproduct schedule, 
h Test the solution by: 

(i) Subjecting it to what may be termed the p test, which simply implies 
that it is necessary to ascertain that the batches included in the ideal 
solution lie within the limits of the production range of the respective 
products. 

(ii) Subjecting it to the cycle test . Since the proposed schedule involves a 
certain production cycle time (which can be computed when the rates 
of production are known), it is necessary to examine whether tills time 
matches the consumption cycle. 

’f by any chance the solution passes the two tests, the individual approach 
1 the schedule approach are evidently not incompatible, and the ideal solution 
i be adopted without further ado. If, however, the solution does not pass 
aer test, it can be modified as folio w's: 

ilure to pass the p test 

^hen the batch size for a certain product lies beyond the limits of the 
►duction range, there may be two possibilities: 

.. The batch is too large (i.e., above the upper limits of the range), in which 
e it can be divided into two or more sub-batches. Each sub-batch should lie 
.hin the range (w T e saw in Chapter 10 that even with comparatively low values 
p , the production range becomes wide enough to allow for such a flexibility), 
is means that the product will be produced more than once in the cycle. 

1. The batch is too small (i.e., below' the low'er limit of the range), in which 
e the quantity can be doubled or trebled and produced only once every two 
three cycles, the idea being that the new quantity thereby derived would fall 
hin the range and pass the p test. In this w'ay nonidentical production cycles 
formed: long cycles, which include all the products on the schedule, and 
>rt cycles, which include only some of them. This w'ould necessitate recon¬ 
ering each cycle on its own and the batch size of the product that is not 
►duced every cycle will have to be modified accordingly. 

ilure to pass the cycle test 

Vgain we may have either of the following two alternatives: 

.. The production cycle is shorter than the consumption period; in other 
rds, when the nth product is completed, there is still extra time left before 
: first one is due again for manufacture. If this time is to be utilized to 
vantage, w r e have to seek methods to step up the rate of consumption of some 
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of the products and use the available time to produce more of these, or we have 
to consider the introduction of an additional product into the schedule. 

2. The production cycle is larger than the consumption period; in other words, 
the schedule presents too heavy a load compared with the available facilities. 
Possible courses of action are: 

(i) Increase the plant capacity by use of overtime, by purchase of new or 
additional machines, or by subcontracting some of the orders 

(ii) Reduce the commitments either by dropping certain products from the 
schedule or by relaxing the restriction that all the products must 
always be available 

The ideal optimal schedule can thus be modified, so that the final proposed 
solution will comply with the various restrictions imposed on the system. One 
may, of course, ask (1) whether this solution may be regarded as a satisfactory 
one in the light of the criterion used for optimization, and (2) whether this 
method can be easily applied. The answer to the first question is that by starting 
from the ideal solution and by modifying it to comply with the restrictions, we 
stand a reasonable chance of retaining its basic features while not being too far 
from that theoretical optimum that could perhaps be derived had we been able 
to incorporate these restrictions into the mathematical model and had we been 
able to find an optimal solution to it. The answer to the second question depends 
on the relaxations that management is prepared to allow for the factor p. Since 
a small increase in p results in a large increase in the production range, the 
problem becomes comparatively easy to solve if reasonable values for p are 
allowed. 

Multischeduling Six Products: An Example 2 

The application of the multischeduling method may best be illustrated by an 
example. Data of six products which have to be manufactured in a plant are 
given in Table 14-2. 

Preliminary data and first solution 

The six products have been arranged in the order of increasing consumption 
rate, and they vary considerably in their production rates, setup costs, and 
constant costs per piece. It is assumed that the products are not being manu¬ 
factured simultaneously and that during the setup period, no production takes 
place. Usually, among six products, it may be found that at least one has such a 
low variable-costs content that it can be produced within a very wide range with 
little effect on the total costs per piece, and this “slackness” greatly simplifies 
the problem of scheduling. In this example, however, strict limitations are 
imposed (shown in the last row* in Table 14-2) for the allowable increase in 
variable costs above those which are incurred w T hen the minimum-cost batch 

2 This example and Figs. 14-2 and 14-3 have been taken from S. Eilon: Scheduling for 
batch production (J. Institution of Production Engineers, London, August, 1957). 
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size is produced. The increase in variable costs by 5 per cent for products 
1,2,3,5,6, is likely to cause an increase in total costs of about 2 per cent. 
Because of the high constant-costs content and comparatively low setup costs of 
product 4, it is felt that 10 per cent increase in variable costs may be allowed for 
this product. The actual increase in total costs for each product is computed at 
the end of this example, after the final production schedule has been outlined. 


Table 14-2 

Date of Six Products To Be Manufactured 


Consumption rate a c 

1 

2 

(units/day) 
Production rate a p 

20 

24 

(units/day) 

Constant costs c/pieee 

100 

150 

(in dollars) 

Storage costs-B/pieee/ 

4.0 

1.6 

day (in dollars) 
Setup costs s 

0.001 

0.001 

(in dollars) 

3,000 

1,800 

Setup time t s (days) 
Allowable increase in 

4.0 

2.4 

variable costs 

5% 

5% 


Product 


3 

4 

5 

6 

30 

36 

40 

50 

200 

110 

400 

2 SO 

6.0 

12.0 

16.0 

6.0 

0.0015 

0.00125 

0.002 

0.00225 

3,600 

4.8 

1,500 

2.0 

6,000 

4.0 

30,000 

8.0 

° fO 

10% 

o 

° .o 

so 

0 . 0 


Determining the production range 

From these strict limitations the allowable range of batch sizes, within which 
production has to be confined, can be determined. The carrying costs, the 
minimum-cost batch sizes for each product, and the allowable ranges of produc¬ 
tion have been computed, and the results are shown in Table 14-3. The interest 
rate is taken as 12 per cent; i.e., 


i = x = 4x 10~ 4 per day 
100 300 F 

(assuming 300 working days in a year). 

Let us assume that maximum return was selected as an appropriate objective 
and that our task is to formulate a production schedule in accordance with, this 
criterion. A safety allowance has to be taken into account to cover possibilities of 
delays, maintenance, breakdowns, and other stoppages. The appropriate figure 
for such an allowance is determined by previous history of the machinery in¬ 
volved, and other circumstances, and in our example it is assumed to be 5 per 
cent of the total production time. The first attempt at a solution is illustrated 
in Table 14-4. The batch size for product 1 is computed by Eqs. 14-10a. 



Minimum-(-out Batch Sizes and Production Ranges for the Sir Products 

Product 

Computed by: 1 2 3 4 
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Total production 

time (days) T p -f- t 8 54.5 42.8 42.6 84.6 29.2 53.0 306.' 

Production cycle, T 0 add 5% Length of production cycle = 306.7 x 1.05 = 322 days 
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horn Table 14-3, 


ice 


— = 15.3 


ZKo? 

*1 


= 18.41 


„ 1= / jfe - /i“_ 0911 

" V V 18.41 

<9i = gr 1 (5 lm = 0.911 x 5,540 = 5,050 pieces 

^2 — a 2 ^?i = 1.2 X 5,050 = 6.060 pieces (etc.) 


sting the solution 

?he batch sizes quoted in the Table 14-4 ensure that throughout the consump- 
i period, T c = 252 days, all products are available and that the suggested 
it ion provides for maximum return, not for each of the products individually 
for the program as a whole. It is now necessary to apply the two tests to 
ure that the solution is compatible with the given data and can be carried out. 
? p test 

llach quantity is compared with the production range set in Table 14-3. The 
fits for the first three products comply with this limitation (denoted by y ). 
le the quantities for the last three fall outside the prescribed respective 
ges marked in the table by x. In the case of products 4 and 5 the quantities 
considerably above those at minimum cost. This can be rectified by splitting 
batches into lots, the size of which will fall within the production range, 
ice products 4 and 5 could be produced in two lots each of 4,045 pieces and 
50 pieces, respectively, the lots being more or less evenly distributed in the 
duction cycle. Overshooting the higher limit of the production range does 
present a serious difficulty. The reason for this mainly lies in the fact that 
allowable relaxation factor on the available costs, p = 1.05, is usually large 
ugh to provide the necessary flexibility. The limits of the range in this case 
73 to 137 per cent of the minimum-cost batch size. 

f the figure emerging from the solution is, say, 150 per cent, the batch can be 
ided by two, each part being 75 per cent in magnitude, to satisfy the require - 
its. Even w r hen the batch size falls between the limits of 137 to 141 per cent, 
resultant increase in p above the 1.05 mark is so slight, that in most cases 
an probably be tolerated (at 141 and 71 per cent, the value of p is 1.06). The 
ision of the batch into lots having a smaller size than the minimum-cost one 
ven beneficial from the point of view 7 of rate of return, but it must be remem- 
ed that the production cycle is thereby lengthened, owing to additional 
ip time for the new 7 lots. Another problem is to schedule these lots in the 
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production cycle in such a way as to ensure that the products are available in 
the interval period between them and that not' too high a stock is carried from 
the first lot when the time for producing the second lot arrives. 

More complicated is the case when the solution indicates that the quantity to 
be produced is below the allowable range, such as product 6. If the quantity 
shown in Table 14-4 is adopted, the increase in variable costs will be 11 per cent. 
The only possible course to follow—short of dropping product 6 altogether from 
our schedule—is to produce a quantity that will satisfy the demand during the 
period of two cycles. Thus the production plan will have to provide for two 
modified cycles, different inlength, one including product 6 and one without it. 

The cycle test 

The length of the production cycle is worked out as shown in Table 14-4, and 
a comparison is made with the consumption period. This test is a more crucial 
test than the p test because it immediately shows w r hat relation the load of the 
schedule has to the capacity of the plant. In the solution shown in Table 14-4, 
the plan provides for a consumption period of 252 days, but the length of the 
production cycle is 322 days. Hence it is obvious that the proposed solution 
is incompatible with the capacity of the plant, the plan to produce the six 
products being far too ambitious. Had the production cycle been found to be 
shorter than the consumption period, extra plant capacity would have been 
available and additional production could have been undertaken. 

Methods leading to modified solutions 

The double check as described above provides an answ r er to the question 
whether a satisfactory schedule is possible. Having shown that the solution in 
Table 14-4 is unacceptable, a modified solution may be sought on one of the 
following lines: 

1. Increase the quantities, so that a longer consumption period is covered, 
the increase being such that the new consumption period will be equal to the 
production cycle. This method will be shown to be impracticable. 

2. Be-examine the production range of the products and determine whether 
they can be relaxed. 

3. Increase the capacity of the plant by adding or substituting some of the 
equipment, or by using overtime (and thereby increase the rate of production). 

4. Attempt a more modest production plan by modifying the requirements 
that (i) all products must be produced, or (ii) that all products must always be 
in stock, or both. 

The question of which alternatives should be taken can be decided when the 
circumstances of the case have been fully analyzed, but it may be useful to add 
a few comments on each method and outline the procedure that will lead to a 
final solution. 
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Increase the consumption period 

The objective of increasing the consumption period is to arrive at a situation 
that will satisfy the cycle test. Since such an attempt involves an increase in 
quantities, it is reasonable to assume that the p test could also be met. 

To increase the consumption period T c from 252 days in Table 14-4 to the 
level of the production cycle of 322 days, it is necessary to increase the quantities 
by 28 per cent. To achieve this increase, the production time for each product 
will have to be lengthened by 28 per cent, and as the setup time is likely to 
increase owing to splitting of batches into lots, the total production time will 
probably rise by 28 per cent or more. The new plan is therefore no better than 
the original one of Table 14—4 because the gap between the consumption period 
and the production cycle has not been bridged or even diminished. Hence this 
method of trying to obtain a satisfactory plan by increasing the cycle time does 
not lead to a solution and must be abandoned. 

That this method is impracticable can be demonstrated by the following 
considerations. We know that 

2T P + S, > T c 

This expression may be replaced by 

2T P + 2 t s = T C + G 

where G is the gap between the production cycle and the consumption period. 

Suppose we wanted to increase T c by a factor e in such a manner that the 
cycle test w r ould be satisfied, thus leading to the production time being increased 
by the same amount. Then 

e 2 T p + 2 t s — eT c 

«- — 

T c - IT, 



If the denominator is negative, the factor e has no meaning, and the objective 
cannot be attained (this is in fact the case in our example in Table 14-4). If the 
denominator is positive, its magnitude compared with that of the numerator 
may be such as to cause the factor e to be very large, leading to a very long cycle. 
This may introduce additional serious complications, such as the determination 
of the position of the large number of subdivided lots in the production cycle. 
In such cases the problem may be far more easily resolved by alternative 3, 
namely, by increasing the rate of production. 

Melaxation of the production ranges 

The advantage to be derived from this method is obvious; the wider the pro¬ 
duction range, the bigger is the chance for the calculated batch size to comply 
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i the p test. This may both eliminate the necessity to split a large quantity 
) lots on the one hand and the introduction of a two-cycle system—owing to 
quantity being too small—on the other. Scheduling is greatly simplified, 
if the production ranges are wide enough to allow the first interim solution 
>e accepted, the procedure is indeed a straightforward one. Suppose in the 
mple analyzed above a variable costs factor, p = 1.10, was allowed for 
iucts 4 and 5. and suppose p — 1.11 was tolerated for product 6; the first 
ition presented in Table 14-4 would then be acceptable, and only the quantity 
product 4 would have to be split into two lots. Products 5 and 6 could be 
iuced in the stated quantities every cycle and only once per cycle. 

'hese advantages warrant a careful examination of the allowable increase in 
variable costs. In many cases it may be found that a relaxation of this con- 
on would not cause a serious increase in the total costs per piece, and may 
refore be justified. The effect of the relaxation mentioned above on products 
ad 6 is as follows: 

Product 5 Product 6 

Min. variable costs 1.S2 2.97 

Min. total costs 17.82 8.97 

Total costs for p = 1.05 17.91 (0.5% increase) 9.12 (1.7% increase) 

Total costs for p — 1.10 18.00 (1.0% increase) 9.27 (3.3% increase) 

Total costs forp =1.11 — 9.30 (3.7% increase) 

t is evident, therefore, that an allowable increase in p has little effect on the 
ts of product 5. and it may be concluded that its batch size need not be 
divided. Whether the increase in total costs of product 6 can be allowed is a 
stion that can be decided only when the full facts of the case under con- 
oration are known. 

t should be pointed out, however, that relaxation of the p limitation con- 
utes only a half-measure in reducing the difficulties arising from the solution 
m in Table 14-4. The p test has nothing to do with the production capacity 
he plant, and the cycle test has yet to be met. Hence a critical examination 
ihe production ranges should be carried out in conjunction with a method 
t tackles the problem of cycle compatibility by either increasing plant 
acity or reducing the production loading, two methods which will now be 
.mined in some detail. 

‘reuse the capacity of the plant 

f the complete production program as prescribed is to be maintained, i.e., all 
ducts must be manufactured and all must always be available, an increase 
he output capacity of the plant is unavoidable. Having failed to increase the 
sumption period to the level of the production cycle, this method aims at 
ucing the production cycle to the level of the consumption period. This 
"eased capacity of the plant may be achieved either by adding or improving 
»ting machines or by employing overtime or additional shifts. The exact 
-hod by means of which this increased capacity can be attained is a matter 
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for management decision after the merits of the case have been properly scruti¬ 
nized. Provided the p test is satisfied, the first step in our example would be to 
reduce the production cycle to 252 days. 

The new production rate can then be computed in the following manner: 


Time Quoted 
in Table 14-4 {days) 


Consumption period = 252 

Production cycle = 322 

Setup time = 25.2 

Setup time and allowance = 25.2 x 1.05 = 26.5 

Hence total production 

time + allowance = 322 — 26.5 = 295.5 


Total production time = 281.5 


New Time {days) 

252 

252 

25.2 

25.2 x 1.05 = 26.5 


252 - 26.5 = 225.5 


1.05 


= 214.8 


Assuming that the increased rate of production will be kept throughout, the 
production rate for each product should be increased by the factor 281.5/214.8 
= 1-31, i.e., by 31 per cent, and the production time for each product will then 
be reduced by the same factor. 

The new values of production rates will cause the ratios y in Table 14^3 to 
decrease, thus leading to a slight increase in the batch sizes. But this effect is not 
likely to be marked. For product 1, for example, the new T value of y 1 is 0.2/1.31 
= 0.153, resulting in K 1 — 0.963 X 10~ 4 , $ lw = 5.570, and the production 
range being 4,070 — 7,650. Unless the change in the ratios y is considerable, 
there is no need to recalculate these quantities, and the solution presented in 
Table 14-4 may be left as it is. 

Of course it is possible to adopt a policy whereby the rate of production is 
increased only during specific intervals in the cycle, by using overtime or shift 
work. For instance, one could visualize a solution by doubling the production 
rates of products 3 and 4, thus bringing down the production cycle to the 
desired level. However, when only some of the products are to be manufactured 
at an increased rate, the effect on y can be large and the batch size may have to 
be rechecked. Whether a uniform increased rate of production or a concentrated 
effort in an intermittent fashion should be adopted is again a question of policy 
which management has to decide on. 

This method of increased production rates—though sometimes a nuisance and 
not even always feasible for various reasons—is a useful and a comparatively 
simple tool from the point of view' of scheduling, when a solution is sought for an 
ambitious production plan such as the one shown in Table 14-4. 

Problems presented by a product for which the computed batch size is too 
small can also be tackled by increased production. The quantity quoted for 
product 6 in Table 14-4 does not pass the p test, but, as already mentioned, it 
could be produced in a larger quantity (nearer to the minimum-cost batch size) 
once every tw'o cycles, so that the consumption period of the product will be 
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qual to the sum of the two production cycles. The production plan can be 
onstructed by the following steps: 

1. Eind the length of the consumption period of the short cycle (excluding 
roduct 6). 

2. Add the two consumption periods and compute the quantity for product 6, 
o satisfy the demand throughout the whole period. 

3. Apply the p test, to determine the number of lots per batch. 

4. Adjust the production rates in the two cycles to bring the production 
^cles in line with the consumption periods, and modify the production plan 
ccordingly. 

5. Check whether this adjustment will have any serious effect on the hatch 
:zes, and if so, recalculate the quantities and repeat steps 1, 2, and 3. Even if 
ae quantities are greatly affected, it will be found that one repeated calculation 
ill be sufficient. 

6. Apply the p test and the cycle test as a final check. 

7. Determine the final production schedule. 

In the procedure outlined above, a decision has to be taken before step 4, on 
le question of intermittent or uniform increase rates of production. Let us now 
)llow this procedure in an attempt to suggest a reasonable solution to our 
roblem. 


tep 1 

In order to find the length of the shorter cycle, only the batch size of product 1 
eeds to be computed, but it may be just as well to give the complete tentative 
>lution, similar to Table 14-4, as it provides additional information which will 
e needed later. Since product 6 is not included in this cycle, the data regarding 
lis product in Table 14-3 may be ignored. Hence 


Is 


5.3 




= 13.74 


9i = 




jf/gi 

J,KcdjK 1 


/ 5.3 
\/ 13.74 


0.621 


a ding to a batch size for produc t 1: 

Qi = 9iQim = 0.621 x 5,540 = 3,440 pieces 


It is evident at this point that the value of g 1 is too low and that some of the 
lantities in the solution will be smaller than the lower limits of the respective 
reduction ranges and will not satisfy the p test. Instead of proceeding with the 
>mplete tentative solution for the short cycle, a short cut can be taken by 
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stating that the batch size of product 1 has to be increased at least to the lower 
limit of the production range by selecting g 1 = 0.73. This is the lowest value for 
g x we dare take, as a lower value would violate the p test. It is evident that by 
increasing g l7 the return of profit per investment will be lower than the one that 
could be attained by g x = 0.621, as found above. If, however, the conditions as 
stated do not allow any increase in the price of the product above a certain level, 
and if the product must always be available, it must be understood that a solu¬ 
tion for maximum return of profit cannot be achieved. 

It should also be stated that in general the point of maximum return of profit 
is attained w T hen the first tentative solution passes the p test and the cycle test. 
But when these conditions are not satisfied by the first solution (and it may be 
reasonably expected that in most cases they are not), any modifications intro¬ 
duced into this solution, such as division of batches into lots or boosting one 
quantity to the production range level, may cause the solution to depart from 
the point of maximum return. The amount of such a departure and the question 
whether it will be acceptable are subjects of an additional check that can be 
carried out when the final solution has been suggested. 

Assuming that in our case the condition limiting the increase in costs per 
piece is prevalent, and selecting g Y — 0.73, then 

Qi = 9i Qim = 0.73 X 5,540 = 4,040 pieces 

Q 2 = a 2 Q ± = 1.2 X 4,040 = 4,850 pieces 

and so on. The interim solution of the short cycle is given in Table 14-5, in 
which it is concluded that the consumption period is 202 days. As in the case of 
Table 14-4, it appears that the production plan for the short cycle is too am¬ 
bitious and overtime will have to be used, as shown later. 

Table 14-5 

Interim Short-Cycle Plan 

Product 



1 

2 

3 

4 

5 

j Remarks 

Batch size, Q 

4,040 

4,850 

6,060 

7,280 

8,090 

Consumption period 

T = — = 202 days 
a c 

p test 

V 

V 

V 

X 

V 


No. of lots 

Production time, T p 

1 

1 

1 

2 

1 

Totals 

(days) 

40.4 

32.3 

30.3 

66.2 

20.2 

S T, = 1S9.4 

Setup time, t s (days) 

4.0 

2.4 

4.8 

4.0 

4.0 

S t, = 19.2 

Total production 

time (days) 

44.4 

34.7 

35.1 

70.2 

24.2 

208.6 

Production cycle 

Length of production 

cycle 

= 208.6 x 

1.05 = 219 days 



l he total length of the two cycles can now be found by adding the consumption 
ods: 252 + 202 = 454 days. The quantity for product 6 that should be 
iuced in the long cycle is 454 x 50 = 22,700 pieces. The modified version 
"able 14—4 is shown in Table 14-6. 

Table 14-6 

Interim Long-Cycle Plan 



1 

2 

Product 

3 4 

5 

6 

j Remarks 

ch size. Q 

5,050 

6,060 

7,570 

9,090 

10,100 

22,700 

Consumption period 

St 

V* 

V 

V 

X 

X 

\ 

T d -5 = 252 days 
T c6 = 452 days 

of lots 

1 

1 

1 

2 

2 

1 


duct ion time, 

* (days) 

50.5 

40.4 

37.S 

S2.6 

25.2 

81.1 

Totals 

'LT P = 317.6 

ip time, t s 
lays) 

4.0 

2.4 

4.8 

4.0 

8.0 

8.0 

= 31.2 

al production 

me (days) 

54.5 

42.S 

42.6 

86.6 

33.2 

89.1 

348.8 

duct ion cycle 

Length of product 

ion cycle 348.8 x 

1.05 = 

366 days 


)3 

'he application of the p test to Tables 14-5 and 14-6 shows that none of the 
mtities in the two interim solutions is below the appropriate production 
ge. Product 5 will have to be produced in two lots in the long cycle, while the 
mtities for product 4 can be divided into either two or three lots in both 
les. In both cases two lots per cycle were selected in order to avoid excessive 
ip times. 

d4 

Lssuming a uniform increase in production rate is to be adopted for all 
ducts, the increase can now be calculated. For the long cycle (see Table 14-6), 
total production time (including the safety allowance) is 

366 - 31.2 x 1.05 - 333.2 days 

s period should be reduced to 

252 - 31.2 x 1.05 = 219.2 days 

i increase should be by the ratio 
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'or the short cycle (see Table 14-5), the total production time (including the 
sty allowance) is 

219 - 19.2 x 1.05 = 198.8 days 
s period should be reduced to 

202 - 19.2 x 1.05 = 181.8 days 
ice the increase is by the factor 


198.8 

181.8 


1.09 


low that the amount by which production should be boosted has been found, 
modified version of the solution can be stated, as shown in Table 14-7. Note 
b this modification does not affect the batch sizes, the only change being in 
production times. 

) 5 

'he main effect of increased plant capacity on the batch sizes is expected in 
long cycle, where production rates have been increased by 52 per cent. 
:e the suggested two-cycle plan in Table 14^7 is based on the normal produc- 
l rates quoted in Table 14-2, it is necessary either to ascertain that this plan 
-ill valid or to modify it in the light of the new data. Normally a check on one 
iuct may be enough to indicate whether the effect is likely to be marked, 
minimum-cost batch sizes and production ranges for the case under con- 
ration have been recalculated, and when these (shown in Table 14-8) are 
pared with the figures in Table 14-2, it is evident that the changes are very 
it, and hence the proposed solution in Table 14-7 is unaffected. 

» 6 

he p test and the cycle test have been applied with satisfactory results, as 
m in Table 14-7. All the batch sizes fall within the production ranges, and 
production cycle is geared to the demand. 

• 7 

aving now satisfied all the requirements and limitations that were imposed 
he outset, the only problem left is the formulation of the final production 
dule. When only one cycle has to be scheduled, during which each product is 
luced only once, the solution is straightforward, since the gearing of produc- 
to consumption is ensured w T hen the formula for optimizing the return of 
profit in a multiproduct program is applied. The order in which the products 
ild be manufactured is immaterial as long as the same order is kept in every 


ow T ever, wthen cycles are not identical, and especially when some products 
5 to be produced more than once in one cycle, the scheduling may present 
e difficulties. The main problem is then to ensure that while each product 
ild always be in stock, this stock should not be excessive when manufacture 
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Product Remarks 
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he product is resumed; otherwise, high carrying costs will be incurred. In 
e cases it may be necessary to introduce some modifications in the batch 
3 , mainly wdiere quantities which have to be divided into several lots are 
kerned. It has been decided, for instance, to manufacture product 4 in two 
al lots, but this decision was an arbitary one and it is possible to divide the 
ntity for this product into two unequal lots, if thereby a more satisfactory 
?dule can be obtained. 



Days 1 




2 | 3 1 4 b5| 1 I 2 I 4 


j Short cycle = 202 days j Long cycle = 252 days 


Figure 14-2. Production schedule: increased plant capacity. 
(Figures indicate batch sizes) 
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The final schedule for the plan as suggested in Table 14-7 is shown in Fig. 
14—2* The setup time and the safety allowance are represented together as total 
setting period T s (e.g., for product 1 in the short cycle, T s = 4.0 - 4 - 1.9 = 5.9 
days). The change in stock is plotted for each product in order to facilitate con¬ 
trol of stock levels throughout the cycle. 

Thus it has been shown that the method of increased plant capacity offers a 
means to master a production load that would be otherwise impossible to meet 
with the existing facilities. It must, however, be borne in mind that increased 
capacity may affect the given data of machine setup costs and constant costs 
per piece. Introduction of new equipment or special-purpose machines and 
increased labor charges for overtime are only two factors that are likely to affect 
the issue and which may have to be taken into account. 


Modify the requirements 

If it is impossible to add or replace machinery to increase the output capacity of 
the plant, or if it is undesirable for any reason to employ overtime or shift work, 
the preceding method cannot be applied, and we are faced then with the problem 
of tackling the demands with the production rates specified in Table 14-2. 
It has already been stated that existing machines and facilities are inadequate 
to cope with the rate of consumption, and therefore the load as presented by the 
first solution in Table 14-4 will have to be relaxed. This can be done in one or 
both of the following methods: 

1. Delete one or more of the products from the production plan in order to 
shorten the production cycle; the gap between the consumption period and the 
production cycle in Table 14—4 is 70 days, and it would appear that elimination 
of product 4 or two other products will be necessary. 

2. Modify the requirement that all the products must always be in stock; it 
would be unreasonable to assume that a relaxation of this requirement could be 
applied to all products (in which case the cycle test is immaterial and the pro¬ 
duction plan w r ould consist of producing each product in turn at its minimum- 
cost batch size), but even if it can be tolerated for one or two products, the plan 
could be more easily formulated. From Table 14-4, however, it is evident that 
the production cycle is so long in relation to the production period, that reducing 
the production level of one or two products is not going to help. 

The question of which products are absolutely indispensable to the organiza¬ 
tion, and w r hich may be deleted if need be, is obviously connected with a great 
many factors such as competition in the market, legal or moral obligations by the 
firm to produce specific articles, technical or consumer relation between products, 
profitability of the products, future trends of consumption indicated by market 
research, and future policies of the firm for specialization or expansion. 

Suppose in our case it was decided better to dispense with product 4 rather 
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than with two other products. An interim solution replacing Table 14-4 can be 
worked out. Using the data in Table 14-3 and excluding product 4, 


2s 

*i 


= 14.8 


2K a 2 


14.34 


ffi = 


/ 14.8 
v 14.34 


1.015 


The modified plan is given in Table 14-9. 

The p test . Products 1 and 2 comply with this test. The quantity for product 3 
deviates so little from the production range (by 50 pieces) that it does not seem 
practical to divide it; indeed in this case a division to two lots will cause a more 
marked deviation. Product 5 has to be manufactured more than once during the 
cycle. In view of the arguments put forw'ard earlier, the production range can 
probably be relaxed in such a way that only one lot per cycle need be produced. 
For the sake of illustration we shall, however, prescribe tw r o lots, in strict accord¬ 
ance with the production range cited in Table 14-3. The quantity for product 6 is 
again far too small and a two-cycle system is required. 


Table 14-9 

Modified Production Plan Excluding Product 4 



1 

2 

Product 

3 

5 

6 

Remarks 

Batch size, Q 

5,620 

6,750 

8,440 

11,250 

14,050 

T c — 281 days 

p test 

V 

V 

V 

X 

X 


j£o. of lots 

1 

1 

1 

2 

Q too 


Production time, T p 
(days) 

56.2 

45.0 

42.2 

28.1 

small 

50.2 

ST,, = 221.7 days 

Setup time, t s (days) 

4.0 

2.4 

4.8 

8.0 

8.0 

2t s = 27.2 days 

Total production 

time (days) 

60.2 

47.4 

47.0 

36.1 

58.2 

248.9 days 

Production cycle, T Q 


248.9 

x 1.05 — 

261 days 




The cycle test. It is clear from Table 14-9 that elimination of product 4 has 
served the purpose of bridging the gap between the consumption period and the 
production cycle. In fact, w~e have now 20 extra days available for production. 

A two-cycle plan. The application of the p test to product 6 has shown the 
necessity for a two-cycle plan. The 20 available days in the cycle suggested in 
Table 14—9 could be used to manufacture more of product 6 to satisfy the demand 
for it during two cycles, the short cycle excluding product 6 altogether. The 
procedure to be followed is somewhat similar to that of the increased plant 
capacity method: 

1. Find the consumption period of the short cycle. 
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2. Add the two consumption periods and compute the quantity required 
for product 6. 

3. Determine if the additional required amount complies with the available 
production capacity in the long cycle. If it does not, transfer partial production 
to the short cycle, if capacity for the purpose is available, or modify the short 
cycle. 

4. Outline the production plan. 

5. Apply the p test and determine the number of lots per batch. Apply the 
cycle test. 

6. Introduce adjustments into the plan, if necessary. 

7. Determine the final production schedule. 

We shall now follow this procedure in an attempt to define an acceptable 
solution. 

Step 1 

From Table 14-3, it can be found that for the short cycle (in which products 
1,2,3,5 are produced) g Y = 0.705. As this factor will yield for product 1 a 
quantity that is smaller than the production range, the value g 1 — 0.73 has 
to be selected, leading to quantities as shown in Table 14-5 (disregarding product 
4) and a consumption period of 202 days. 

Steps 2 and 3 

The consumption periods of the two cycles amount to 281 202 days 

= 483 days. Hence 483 X 50 = 24,150 pieces of product 6 have to be manu¬ 
factured in the long cycle, an addition of 10,100 pieces, corresponding to 
36.1 days of production. Since only 20 days are available in the long cycle, 
(actually, only 19 if the 5 per cent safety allowance is to be accounted for), 
production of product 6 will have to continue for 17.1 days in the short cycle. 
From Table 14-5 it is clear that if product 4 is missing from the plan, the 
production cycle will be shorter than the consumption period, and hence such 
an overflow" into the short cycle, using some of its available production capacity, 
is possible. 

Step 4 

The production plan is now outlined in Table 14h-10. Since the manufacture 
of product 6 in the two cycles is, in fact, carried out in one continued period, 
the setup time was taken only once into account. 

Steps 5 and 6 

Application of the p test and the cycle test, as shown in Table 14-10, gives 
satisfactory results. The production time interval in both cycles does not exceed 
the consumption period and, in fact, in the short cycle w*e have 38.8 days 
in hand, which is available for meeting additional orders. This time may be 
used, for example, to produce product 4, but it is evident that the quantity 
that can be produced wall be sufficient to satisfy only a fraction of the demand 
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for this product. Accounting for the safety allowance and the setup time, 
the available time for production is 35.0 days, during which 3,850 pieces 
of product 4 can be produced, and this figure passes the p test. It will, however, 
cover a demand period of only 107 days, i.e., 22.1 per cent of the total demand 
during the two cycles. At this stage no adjustment to the plan is necessary 
because it complies in all details with our modified conditions. 

Step 7 

Scheduling is attempted on the principles discussed previously, and as 
in the case of Fig. 14-3, it is found easier to start with the short cycle. The 



Figure 14-3. Production schedule: modified requirements. 
(Figures indicate batch sizes) 
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fition of product 4 in this cycle is immaterial because it is not bound by a 
isumption period to what occurs in the long cycle, and this fact offers a certain 
Lount of flexibility. Another arbitary decision that may be modified at this 
ge is the division of the quantity relating to product 5 to lots. 

Suppose we determine that two equal lots (5,625 pieces each, as shown in 
ble 14-10) should be adopted and that production should proceed by the 
lowing order: short cycle, 6 (finish) 1,5,2,3,4; long cycle, 1,5,2,3,5,6 (start). If 
plot the change in stock levels, in a similar way to Fig. 14-2, we shall find 
tt too much stock is carried over to the last production of product 5. Although 
s does not result in stocks for product 5 ever exceeding the ceiling of the 
>duction range, it would be better to divide the quantity for this product into 
squal lots (say, 4,800 and 6,450 pieces, respectively) and thus reduce con- 
erably the stock carried over. These figures, as well as the respective produc- 
n times for the new lots, are shown in brackets in Table 14-10 and are taken 
the basis for Fig. 14-3, in which the final schedule is given, 
figure 14-3 suggests that the distinction between two separate cycles in the 
>duction plan is somewdiat artificial, since the overflow of production from 
i cycle to the other makes their boundaries difficult to define. Nevertheless 
s outline as given in Table 14-10 is useful, since it can serve as a basis for 
lining any changes that may be envisaged in the production schedule. 

Che flexibility of this method is obviously tied up with the nature of the re- 
ations of the original requirements that can be made, and the looser these are, 
simpler the procedure and the less time taken to arrive at a satisfactory plan, 
has, however, been shown above that even with the imposition of many 
ixictions, the method is workable and clearly indicates when and what kind 
lecisions have to be taken. 

[fie schedules that are finally defined by the use of the two methods described 
>ve are strikingly similar, as shown in Figs. 14-2 and 14-3. The main dif- 
mce between them is the treatment of product 4, which was sacrificed in the 
end method as being the least important in the production plan. 

Ls we have been trying to produce the articles at the point of minimum costs 
piece, it is interesting as a final check to see how the two proposed schedules 
iate from this objective. The comparison between the actual production 
ts and the minimum costs is made in Table 14-11, and it appears that the costs 
not increase by more than 0.6 per cent in the case of product 1 and that the 
rease is appreciably smaller for the other products. 

axation of p for two-cycle production plans 

n a two-cycle production plan, if a quantity is placed in the extreme produc- 
i ranges in one cycle, the effect of the corresponding quantity in the other 
le would be to damp the average increase in cost during the whole schedule, 
s is a good argument in favor of relaxing in some cases the p test in a two- 
le system because, even if in one cycle too high variable costs are incurred, 


Two-Cycle Production Plan (Modified It equipments) 

Product Remarks 
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Table 14-11 

Total Costs per Piece ($) 
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the average throughout the schedule may still be within the original prescribed 
limits. The costs of product 1, for instance, will reach $5.14 per piece in the 
short cycle. This is the limit imposed by the initial condition that the variable 
costs should not increase by more than 5 per cent (selection of the batch size for 
product 1 in this cycle has in fact been governed by this limitation, when g 1 was 
ascertained). However, the average costs per unit for the whole schedule is 
$5.11, resulting in an increase of variable costs of only 2.8 per cent. Hence 
a lower value for g T could be acceptable, and the production cycle could be 
shortened without violating the initial p limitations. 

Stock Level Variations 

The ideal multiproduct schedule should be planned in such a manner that 
when a batch of a product is completed and transferred to the stores, the former 
batch has been consumed. This situation is shown in Fig. 10-2, in Fig. 14-1, 
and again in Fig. 14-4. When production starts, we have Q 0 = T v a c units in 
stock. When production ends, the stock level consists of Q units, which is the 


Q 

"Ideal" situation 





Figure 14-4. Scheduling effects on stock level variations. 
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amount that has just been produced. Thus the stock level would fluctuate 
between Q 0 and Q under these conditions, $ 0 being the safety stock that ensures 
against fluctuations in rate of demands or delays in the schedule. 

As soon as we start modifying the initial multiproduct schedule when it does 
not comply with the p test, the sequence of the products in the schedule may 
cause the stock level changes to deviate from the £ ‘'ideal” situation. Two situa¬ 
tions may arise (Fig. 14-4): 

1. A “backward 95 shift in the schedule, when production starts by t units of 
time too soon; at the point where production starts, the stock level is 

Q o — (Tp ~r t)a c = Q 0 ~r ta c 

and when production is completed, the stock level is Q -f ta c . The effect of 
backward shift is, therefore, to raise the whole level of the stock level diagram 
by ta c . The stock will fluctuate between Q 0 -}- ta c and Q -j- fa c , and the average 
stock held in the stores is increased by ta c . 

2. A 4 'forward 55 shift in the schedule, when production starts too late, 
production starts when the stock level is 

Q Q ^ Qo ta-e 

and when production stops, the level is Q — ta c . 

We may sometimes w r ant to introduce such shifts quite deliberately. If the 
system is fairly deterministic, w^e can afford to reduce the safety stock Q 0 by 
having a forward shift. If, on the other hand, comparatively large fluctuations 
may be expected, the stock level can be increased by a backward shift. When a 
batch has to be divided into two or more lots during the cycle, the actual lot 
size can often be used as a regulating mechanism through which desirable or 
tolerable shifts can be included in the schedule. Thus, as we have already pointed 
out in the multiproduct example above, the division of the batch need not be 
into equal lots, and if the production range is wide enough, a considerable 
amount of flexibility in specifying the individual lot sizes is ensured. In outlining 
the production schedule, it is often convenient to construct a skeleton consisting 
of the more sensitive products and then to try and fill in the gaps by batches of 
insensitive products. 

Application of the Theory to Assembly Work 

The theory of multiproduct batch-size determination may prove to be very 
useful in cases where the final product is an assembly made of several compo¬ 
nents, which must also be produced on a batch basis. The components often 
involve different setup costs, materials costs, production rates, etc. If each 
component w 7 ere considered on its own, each would have its corresponding 
optimal batch size, and in most cases these optimal values would be different 
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the different components; furthermore, they would be different from the 
imal batch size for the final product. This could easily lead to complications 
the production schedules and result in a cumbersome inventory control 
:em—a situation only too familiar in plants engaged in batch production. 
2 e some of the components have to be carried in stock over a long period, 
:e are many cases where changes in designs or models make some of the 
ks obsolete, causing considerable losses to the firm. 

'hese difficulties are greatly alleviated by the use of the theory of multi- 
iuct batch size determination. The consumption rate a c of the final product 
n fact, the rate at which the components are required for the assembly line, 
lely, 

a c — a d — a C 2 — u e3 = a C i = 

re a ei is the consumption rate of the ith component in units per unit time 
nit of a component is defined here as the number of pieces required per one 
1 assembly). But as the consumption period T c is the same for all, it follows 
b the quantities are the same: 

Q ~ Qi = Q* = * * * = Qi — 

re Q is the batch size of the final product and Q t is the batch size of com- 
ent i. The term quantity in this case prescribes the number of units required 
Q units of the final product. Thus, if two pieces, say, of component 4 are 
fired for each assembly, and if Q = 1,000 units, then = 1,000 units 
!,000 pieces. 

he procedure for determining the batch sizes would be as follows: 

, Calculate the optimal batches for the product and for the components 
n each is considered on its own. 

Find the production range for each. 

Select a quantity Q that would fall within the production range of the final 
iuct and within the respective ranges of most of the components. 

These components, for which Q is beyond the limits of their ranges, will 
reated by the “long cycle” approach and will be produced once every two or 
e cycles. With a realistic selection of the p factor for each component, the 
^es would usually be so wide that resorting to the long cycle w r ould be the 
iption rather than the rule. 

The batch size Q has to be re-examined in the light of the production 
dule. 

be advantages of this method are only too obvious. The selection of a 
;h size Q within the limits of the production range of the final product ensures 
the costs per unit will remain below a predetermined level, while the 
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formity of batch wizen fur fill the component** greatly nirnf>1 ificsH production 
lining hihI inventory control proeedurcw; it also providcH protection agamwt 

loleNUeiieC. 


Summary 

n addition to batch wise optimization for individual product**, it in desirable 
*eek an optimal Holufion for the whole production Hchedule. It wan ant* timed 
bin chapter that n product** arc manufactured in succession, owing the name 
chincH and equipment, and although this model haw its ohviouH limitations 
that it docH not cover the cane where several products are manufactured 
(currently wide* by Hide, it in nevcrthclcHM a useful guides and may often bo used 
m adequate approximation for a mixed concurrent-successive schedule. 

>inee, however, these two objectives need not l»<^ compatible, the hatch sizes 
tdio! optimal Hohedule may differ from the respective hatches required for 
ividual product optimization, and in order to reconcile the. two, a comprorniHO 
duction schedule has to be constructed. r Fhi« in where the production range 
omen very useful, since it specifies the? allowable deviations from the iruli- 
ual optimums and tliereby provider a certain amount of flexibility in the 
struetion of tin* schedule. 

'he model in thin chapter in baBieally a deterministic one. Fluctuations in 
sumption ant accounted for by specifying appropriate safety stock levels, 
i changes in average consumption arid trends in consumption may affect the 
eh wizen and flies wehedide. The wolution rnuwf therefore be eonwtantly re¬ 
butted in the light of changing circumHtnncoM, in order to ensure that the 
at continuen to comply with the restrictions imposed on the system and to 
rate according to the beat Hohedule that can be currently defined. 
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>6 terns 

for the following two products: 


* (*) 

K ($) 

a v (unitw/day) 
a r (umtw/day) 
P 


No. 1 
200 

1.0 x 10-» 
100 
50 
1.08 


No. 2 
400 

5.0 x 10 3 
860 
200 
1.04 


(i) Specify the batch wizen for each product for maximum return of tho 
schedule. 

(ii) Check whether those batchow are in tho respective production ranges, 

(iii) Find the available machine time for additional production. 


404 Production Planning and Control 


2. Show that when a schedule of n products is optimized for maximum return, the 
batch size for product 1 is 


Qim 


Sgqjgp' 

SiTa 2 


Qlm 


where 


Q im 

Qlm 


3. Data relating to three products in a production schedule are given below: 



I 

Product 

2 

3 

a c (units/day) 

10 

40 

100 

a p (units/dav) 

200 

200 

200 

K($) 

1.0 x 10~ 4 

1.0 x 10~ 4 

© 

X 

o 

1 

Q„ (units) 

4.000 

6,000 

6,000 

If the allowable relaxation factor p — 1.08, draw out a production schedule 
for (i) maximum return; (ii) maximum rate of return. 


4. Suggest a schedule aimed at maximum return for the following three products, 
when p — 1.05 is allowed: 



1 

Product 

2 

a f (units/day) 

20 

24 

a. p (units/dav) 

40 

150 

c{$) 

4.0 

1.8 

B($) 

0.001 

0.001 

MS) 

3,000 

1,800 

4 (days) 

2.0 

1.4 

Assume: i — S° 0 , 

300 working days in a year. 


3 

36 

80 

12.5 

0.001 

1,500 

1.2 


5. Repeat the calculations for the example given in this chapter, but assume no 
safety allowance need be taken into account. 


6. A plant has two production lines. Some of its products can be manufactured 
only on one line; some can be loaded on both. How would you proceed to 
determine an optimal schedule, if data for eight products are as given below: 



1 

2 

Product 
3 4 

5 

6 

7 

8 

a c (units/day) 
a 

50 

1.0 

1.0 

1.2 1.2 

1.5 

1.6 

2.0 

4.0 

(units/day) 

500 

500 

500 500 

800 

800 

1,000 

1,000 

MS) 

500 

500 

500 500 

1,000 

1,000 

1,000 

1,000 

K ($ x 10-S) 

1.0 

1.0 

1.0 1.0 

0.5 

0.5 

0.5 

0.2 

p 

1.05 

1.05 

1.05 1.05 

1.10 

1.10 

1.10 

1.10 

Producible on line 

I 

I. II 

I, II I 

II 

II 

I, II 

II 

Assume: (i) 

(ii) 

(iii) 

(iv) 

4 = 1 day for any product. 

Optimize for maximum return. 

Products are manufactured in succession. 
Use overtime if necessary. 





(v) p for product 3 may be relaxed to 1.08, if so desired. 
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ELEMENTS OF CONTROL 

PROCEDURES 


The efficiency of a process or a machine is measured by the ratio of output to 
input. Ideally, this is the criterion that ought to be used in defining the efficiency 
of a production organization. The input includes all the resources and potential 
capabilities of the plant in men, materials, and machines, as well as in organiza¬ 
tional abilities; the output is simply the results realized within a certain period of 
time. But it is obvious that “input” and “output” are rather difficult to define in 
accurate terms in this case, especially if we are to measure them quantitatively 
in so many units. Hence the only way in which we can assess the efficiency of the 
production plant is by comparing actual performance with targets specified in 
the production program, provided this program is planned in good faith and 
provided the plant is capable of coping with it. 

It is erroneous, however, to conclude that production control is only concerned 
with an academic detached and somewhat passive assessment of the plant 
performance. Production control must be an active function; ideally, it must 
operate like an automatic self-regulating mechanism that registers events and 
reacts to them by adjusting relevant parameters in the production centers. In 
addition to that, it must be self-learning, so that it can gain from its experience 
and learn from past mistakes. 

Stages and Activities of Control 

Control begins as soon as the production operations begin; in fact it begins 
slightly earlier by the actual issues of the production orders to the shop floor. 
The four stages of control are: 

1. Triggering off the operations; observing progress and recording it. 

2. Analyzing the data by comparing progress with the plans and with 
achievements of competitors. 

3. Taking immediate action to modify plans and redirect activities in order 
to attain the target. 

4. Post-operation evaluation, feeding back information and conclusions to 
the planning section in order to improve future planning. 
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Each, of these stages is important, each is a link in the control procedure, but 
each is worthless and indeed pointless without the others. There is no need to 
make observations and collect data if they are not being used for analysis. Any 
analysis is equally pointless if its results are disregarded, and when corrective 
action is undertaken but confined to immediate patching up, the control 
procedure lacks the vital feedback that is possible only after evaluation, and 
without which the system is deprived of the opportunity of learning from 
mistakes and experience. 

Table 3-1 gives a summary of planning and control activities as a whole, but 
in production control we are mainly concerned with four specific fields. 

Control of processes and production activities 

This is one of the major responsibilities of production control, which begins by 
the dispatching function (releasing of production orders, observation of activities 
and recording) and proceeds immediately with expediting (analysis of progress, 
comparison with schedules, taking immediate corrective actions for chasing 
orders, materials, etc.). In the final evaluation stage, the collected data are used 
to reassess process capacities, on the lines described in Chapter 12, and to replan 
maintenance schedules. 

Quantity or inventory control 

Stocks are held at various stages of the production line, from raw materials 
and bought-out components to semifinished products and final products ready 
for sale. Inventory control is so closely connected with the control of production 
activities that it is very often included within the responsibilities of the pro¬ 
duction planning and control department (see discussion in Chapter 4). Inventory 
control follows the same pattern of control procedure listed above: 

1. Recording of stock levels, such as shown in Chapter 9. 

2. Analysis of the distribution of demands, trends, fluctuations, etc. 

3. Immediate action may be required in the form production or procurement 
orders. 

4. Final evaluation is important, to compute optimal reorder quantities, 
economic safety margins, optimal periods for placing procurement orders, 
and inventory systems to facilitate effective control and replenishment. 

Quality control 

This function, again, is vital for feedback of information on how well the 
processes are running, but quality control begins, in fact, with the inspection 
of raw materials before they are admitted to the stores. The control procedure 
involves the following successive steps: 

1. Through various control charts, the performance of key processes is 
recorded. 

2. Analysis of these charts reveals the process capabilities from the quality 
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aspect; in other words we can state the accuracy and quality characteristics 
bhat are reasonable to expect from the processes. Also, trends in performance 
can often be detected. 

3. Immediate action can take two forms: First, if the process is not accurate 
enough, there may be a need for 100 per cent inspection, in order to sort out all 
the components that do not conform to the specification; secondly, as soon as 
trends in the processes are found, there is a need to determine at what stage the 
machine ought to be adjusted. 

4. Finally, the familiar post-mortem: Are the specifications realistic? Should 
the process be changed? What effective inspection plans can be devised on the 
basis of past experience? 

Cost control 

The same control procedure applies here: Data collection is carried out 
n conjunction with dispatching, the costs are computed and compared with the 
estimates, the sales price is adjusted (if possible), and the discrepancies between 
estimates and actual cost figures are analyzed for future reference in order to 
ievelop the estimating methods to as high a degree of accuracy as possible. 

The four elements of control procedures are summarized in Table 15-1. The 
control of production processes, namely, the function of dispatching and ex¬ 
pediting, and progress control methods will be discussed in this chapter and in 
Chapter 16; inventory, or quantity control, in Chapters 17 and 18. Chapter 19 is 
levoted to quality control and Chapter 20 to cost control. 

Table 15-1 

Elements of Control Procedures 

Processes * Inventory * Inspection 

Observation Active processes: Records of Process control 

output vs. time stock level Control charts 

Idle processes: 

machine idle time; 
breakdowns 

Analysis Compare progress Distribution of 

with plan demand 

Trends 
Seasonal 
fluctuations 


Immediate 

action 

Expedite 

Issue production 
and procure¬ 
ment orders 

Initiate 100% 
inspection 
Adjust processes 

Adjust sales 
price (if 
possible) 

Evaluation 

Process capacity; 
maintenance 
schedules 

Replenishment 

policies 

Inventory 

systems 

Reassessment of 
specifications 
Process 

improvement 

Inspection 

procedures 

Economic 
evaluation of 
processes 
Preparing 
better data 
for future 
estimates 


Process Compute costs 

capabilities and compare 

Trends with 

estimates 


Cost 

Collect cost 
data 


* Production control responsibilities. 
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Dispatching and Expediting 

When the production order is complete and the schedules planned, everything 
is ready for the word “go.” This, in short, is the responsibility of the dispatching 
function, i.e., to trigger off the flow of information and instructions and with. 
them the issue of materials, tools, production aids, drawings and specifications, 
inspection orders, etc. The sequence of dispatching activities is shown in Fig. 
15-1. If the product is made of several parts, the production order is broken down 
accordingly, and for each operation there is a materials and tools issue, a job 
card that details the task and the methods to be used, an inspection order and 


MANUFACTURING ORDER 



Routine for ports A, B, C, D, & E similar to that for part F 


Route sheet 
part F 

| 

Material 



Op-2 J 

I 

°P- 3 ... 

1 

Op. 4 : 


Op. 5 : 

_ 


Routine for ops. 2, 3, 4, 
& 5 same as for op. 1 


Job orders ^displayed 


‘Mach. 31 

Mach. 32 

Mach. 33 

1 

) 

1__ 



j 


Stores issue 
order 


Tool order 


Job order 


Time ticket 


Inspection 

order 


Move order 


Authorizes storeskeeper to deliver 
material to Op. 1. 

Advises tool room to collect tools 
for Op. 1 ready for man. 

Instructs man to proceed with Op. 1. 
Records time taken on job. 


Stamped with worker’s beginning' 
and ending time on operation. 
Forms basis for his pay. 

instructs inspector to examine and 
report on work “good” and “bad" 
of Op. 1. 

Instructs move man to collect work 
from Op. 1 and deliver to Op. 2. 


Reports to planning dep't when route sheets are not kept by dispatcher 



1 


Operation 

completed 



Duplicate of Stores Issue Order is 
sent to Planning Dept, to signal 
that material is ready for first op¬ 
eration and is waiting at machine. 


Job Order filled out with time 
taken on the operation signals 
Planning Dept, that Op. 1 is com¬ 
pleted. 


Inspection Report attached to Job 
Order signals the number of 
pieces "good” and "bad" result¬ 
ing from Op. 1. Replacement 
orders a re then issued, if desirable. 


Figure 15-1. Sequence of dispatching activities . (Reproduced with permission from 
Production Handbook , The Ronald Press, 1958, edited by G. B. Carson) 
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information about the next destination of the component (see Chapter 9). 
Finally the dispatching function is responsible for keeping records of actual 
operation times, idle man and machine times, length and causes of breakdowns, 
and any other relevant information about reality keeping within schedule or 
deviating from it. These records can then be used for: 

Calculating wages , if the wage scheme in the plant is dependent on output 

Examining the cost of the job and the product and comparing with the planned 
budget and the initial cost estimates 

Comparing operation times with the estimated times and verifying whether the 
discrepancies are consistent with past experience, so that future estimates 
can be made more accurate 

Locating weak points in the production line, so that work study can be undertaken 
to explore w r ays of alleviating the difficulties 

Studymg how much idle time was caused because of schedule interference (i.e., 
overlap in operation times) due to unaccountable delays or too tight a produc¬ 
tion schedule 

Studying how much delay was caused by machine breakdown and whether the 
maintenance and emergency repair facilities were compatible with the 
requirements of the situation (this analysis could lead to an optimal number 
of repairmen required, the amount of effort that should be devoted to 
preventive maintenance and to an optimal maintenance schedule) 

Analyzing the delays caused by tool breakdown, regrinding and resetting, to 
ensure that the specified speeds are compatible with reasonable amount of 
tool wear 

Analyzing to what extent both queues and delays are caused by inadequate 
materials handling systems. 

The method of exercising the dispatching function depends very much on the 
type of production and on the size of the plant. In the case of repetitive produc¬ 
tion, when the same product is frequently produced either with no variations or 
with only minor ones, the flow r of information and instructions becomes a routine 
matter. Everyone concerned is already trained to perform the task, to use the 
tools and identify them, and to recognize faults in the produced components. 
The interpretation of the production order becomes a straightforward matter, 
and in many cases only details about quantities, dates of delivery, types of 
models, or colors need be mentioned in the production order, while job cards 
with detailed instructions how r to perform the task may become almost standard 
orders that need rarely be consulted by the trained personnel. The dispatching 
effort, after releasing the orders, w r ould then be mainly devoted to maintaining 
the records, and this can be done effectively by dispatching stations located 
along the production line, each being responsible for recording progress at 
certain production centers. 

The expediting function consists of a close study of the gathered data and 
comparison of actual progress of the w r ork with the planned schedule. One could 
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almost liken the expeditors or progress men to policemen, who keep a benevo¬ 
lent eye on the flow of traffic and whenever anything happens to obstruct a 
smooth flow, they endeavor to locate the source of trouble and take action to 
remove it. 

For example, a batch of components fails to arrive at a certain production 
center on the date scheduled. The expeditor learns this fact from progress charts 
or other records at the dispatching station, and he proceeds to investigate the 
cause for this failing and to decide in what way he can help put things right. If 
any difficulties arise through ambiguities or misunderstanding of the instructions 
in the production order, the expeditor should clarify all such points. In other 
words, it is through the expeditor that interpretation of the production order is 
sought, and when he is unable to cope with a problem on his own, he turns to 
the production planning office for assistance. 

Since the expeditor is so much concerned with keeping up to schedule and with 
flow of materials, se mifinis hed products, and final products from the stores and 
from one production center to another, it is common practice to entrust him with 
the responsibility for moving the materials by putting suitable facilities (equip¬ 
ment and personnel) at his disposal. If the responsibility for removal of the goods 
to the next working station is left to the production centers, they can either let 
the skilled operators do the removing or ask a plant removal pool to do it for 
them. By relieving the production centers from this concern and transferring it 
to the expediting function, there is a clear demarcation between the responsibility 
for what goes on within the production centers and responsibility for circulation 
and flow, and in many cases this division has obvious organizational advantages. 

It should perhaps be stressed again that expeditors are concerned with fulfil¬ 
ment of setout schedules, and hence they are concerned with the present and 
with immediate remedies if anything goes wrong, not with lengthy studies of 
intricate cause-and-effect systems. As a general rule, therefore, expeditors should 
not be asked to carry out detailed post-mortems and evaluation analyses. They 
are usually not equipped with the qualifications or the patience that such 
analyses require. Naturally they can often contribute to the analysis by adding 
up-to-date facts, and therefore they should be told of any conclusions and action 
contemplated after the study is completed, but the actual expediting function 
and the evaluation function should be kept separate. 

The above concepts are difficult to apply, however, because a clear-cut 
demarcation does not exist between dispatching and expediting, and it is not 
often easy to state exactly where dispatching ends and expediting starts. 
Theoretically it is possible to say that dispatching consists of flow of information, 
while expediting is concerned with flow of materials and components; dispatch¬ 
ing records events, expediting tries to adjust them whenever necessary. However, 
since in practice the two functions are not chronologically separate but exist 
side by side, one complementing the other, an overlap in responsibilities is often 
unavoidable. The actual detailing of staff to the two functions will therefore 
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depend on the amount of recording, materials handling, and chasing that have 
to be carried out. Many firms find that it is futile to separate the two and that a 
combined dispatching-expediting organization as a single production control 
department is very effective. 

To summarize, the purposes of the active functions of production control 
(i.e., dispatching and expediting) are: 

1. To release the production orders at the appropriate time and facilitate effective 
flow of information 

2. To record the flow of materials and tools and adjust whenever necessary 

3. To record progress of production operations and adjust whenever necessary 

4. To record amount of work in process and verify its effect on the schedule 

5. To record quantities produced and compare with required quantities 

6. To record amount of faulty work and scrap and issue orders for production of 
replacements 

7. To record machine idle time and check the reason for it 

8. To record stoppages and holdups and classify them according to: 

(i) Lack of drawings or instructions 

(ii) Lack of materials 

(iii) Lack or failure of tools 

(iv) Work held up by previous operation 

(v) Machine breakdown 

(vi) Operator missing or not available 

(vii) Waiting for inspection to approve work or machine setting 

Recording Progress 

Watching the progress of production ensures that up-to-date information is 
always available for effective expediting. How should progress be recorded? Let 
us examine three methods in common use in industry. 

Gantt charts 

These were developed by Henry L. Gantt about a half-century ago. Their 
purpose is to provide an immediate comparison between schedule and reality, 
and this is achieved simply by marking on the schedule the actual progress of 
the work. There are several variations of Gantt charts, which can be adjusted to 
the specific circumstances prevailing in the plant. The following symbols are 
common to most Gantt charts: 

| denotes the time when work is supposed to begin. 

| denotes the time when work is supposed to end. 

| 4 ] the figure indicates that the work load in the planned interval is 

equivalent to four work periods (days, weeks, number of pieces, etc.). 

] 12 ) the figure indicates that the work load to be completed by the specified 

date amounts to 12 work periods (or number of pieces). 
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the top line indicates planned work; the bottom line, actual work. 
Where discrepancies between plan and reality occur, it is often useful 
to indicate the reason for future reference. The following abbrevia¬ 
tions are sometimes employed: 

A - operator absent from work 
G — “green” operator 
I — instructions lacking or deficient 
L — slow operator 

M — holdup due to materials failing to 
arrive or failing in quality 
R - machine or tools in need of repairs 
T - tools lacking or inadequate 
V - holidays 


An example of a Gantt chart for machine activities is show r n in Fig. 15-2. 
Similar charts can be used for controlling operators’ activities, product progress, 
master schedules, etc. 



Visual charts 

These are in a sense a variation of the Gantt chart, their purpose being more 
temporary in nature. They present a current picture of the situation but leave 
no record of past events. Visual charts often make use of colored bars, strings, 
moveable rulers, meters with numbers, etc. Two examples of visual charts are 
shown in Figs. 15-3 and 15-4. 

Cumulative and weekly charts 

Roth the Gantt charts and the visual charts are, in fact, one-dimensional 
graphical presentations of output activity, plotted in terms of time. Their main 
virtue is simplicity of presentation of current position, and this simplicity 
originates from their one-dimensional quality. Their drawback, however, is 
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5-4. A visual control chart for recording figures, which employs revolving 
et in mobile cases. (Courtesy Dacron Plan-O-Matic Ltd., London) 
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that they provide no record of progress itself. In other words, by looking at one 
of these charts, we cannot tell whether output increased or decreased during a 
certain span of time in the past unless we introduce various symbols and colors, 
which often confuse rather than clarify the picture. 



-Planned output * Actual output 


Figure 15-5. Comparing progress 
of actual ivith scheduled output . 


Recording progress, especially for evaluating purposes, is effective in tw r o- 
dimensional charts, as in the example in Fig. 15-5, where a cumulative chart and 
a weekly output chart are demonstrated. The cumulative chart shows how 7 much 
we have managed to produce so far, but it is somewhat insensitive to weekly 
fluctuations, and if these are worthy of study, the weekly output chart is very 
useful. 


Summary 

The four elements of control are: observation, analysis, immediate corrective 
action, post-operation evaluation. All these elements are vital for any effective 
control procedure and Table 15-1 show's how T they apply to control of processes, 
inventory control, inspection, and cost control. In production control, the first 
three control elements (releasing of orders and observation, analysis, and correc¬ 
tive actions) are embodied in the dispatching and expediting functions. Record¬ 
ing of events is facilitated by Gantt charts, visual charts, and two-dimensional 
cumulative and weekly output charts. 
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Problems 

1. Differentiate between dispatching and expediting, and point out to what extent 

this difference should lead to a clear and rigid demarcation of responsibilities 
between dispatchers and expeditors. 

2. Describe in what way the elements of control procedure are related in the fields 

of production control, inventory control, inspection, and cost control; in other 
words, to what extent is it desirable to have not only vertical feedback (from 
one element to the other) but horizontal feedback as well (from one field to 
another). 

3. Can you suggest a control procedure for a sales department, based on production 

control principles? 

4. Surveys in industry suggest that cases of average machine downtime of 50 per 

cent are fairly common in job and batch production plants. Suggest a method 
for recording and controlling machine utilization in a machine shop. 
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COMPUTER-ASSISTED 
PRODUCTION CONTROL' 


Xorbert Wiener has suggested that control is essentially communication that 
has been made effective. 2 If a control mechanism is conditioned to respond to any 
given set of parameters, its usefulness is determined by the flow of information 
that define these parameters, and for this flow to be effective, the system must 
be: 

Quick , in order to provide information which truly represents the current 
situation, and to ensure that any corrective action taken is relevant to the 
prevailing parameters and does not suffer from serious time lags 

Accurate, so that the records provide unambiguous data and computations of 
quantities are free from errors 

Comprehensive enough, i.e., it must include all the relevant details required for 
analysis and decision making. 

Since the purpose of production planning and control is to match the sales 
requirements with production facilities, and since both are subject to constant 
variations, the problem of formulating optimal solutions for machine loading 
has to be continuously restated and resolved. Whenever a relevant parameter 
changes, materials and manpower requirements may have to be recalculated, 
machine loading may have to be readjusted, and schedules for completing 
operations, assemblies, or deliveries may have to be modified. Thus the data 
must be fed and classified in such a way that the risk of excluding an important 
parameter would be rather small. Furthermore, information that necessitates 
corrective action should be prominently displayed so as not to be “lost in the 
crowd. 5 ’ This requires an intelligent sorting mechanism that evaluates the signi¬ 
ficance of the recorded changes or the possible effect of their combinations, and 

1 The author is indebted to International Business Machines Corporation (Xew York), 
and International Computers and Tabulators, Ltd. (London) for providing him with 
papers and catalogs, on which some of the material in this chapter is based; also to Mr. 
W. J. Kease of A.E.I.-Hotpoint, Ltd. (London) for reading the chapter and for his helpful 
comments and suggestions. 

2 Wiener, X.: Cybernetics—or control and communication in the animal and the machine 
(John Wiley & Sons, Inc. 1948). 
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itly this task becomes more involved as the amount of data grows. Also, 
we are dealing with a dynamic situation, the readjustment of schedules 
quantities necessitates repetitive computations, which must both be 
ate and carried out at high speeds. 

uter requirements 

s is where the computer can be of assistance in production control. It 
1 have a storage unit, capable of holding a large amount of data, which is 
accessible and which can be quickly brought up to date. It should also 
a sorting facility, with the aid of which the data can be classified, an 
tietic unit to carry out the computations quickly and reliably, and a print- 
lit to produce the results in such a form that the various departments 
rned can immediately interpret their significance and take action if and 
required. 

:annot, however, be overemphasized that a computer is merely a tool; it 
tot constitute control—it assists control by making it more effective, simply 
ring time in the laborious task of processing the data. It cannot in any way 
substitute for defining policies for production, defining targets, setting 
a for measuring effectiveness, and formulating methods through which 
al performance can best be achieved. These are the essentials without 
production control cannot possibly hope to succeed, and these are part of 
sponsibility of the production management, not the computer. Further- 
the control procedure, including the routes of flow' of information and 
ment of responsibilities for actions, should be clearly defined and imple- 
d; otherwise time would be saved by the computer on storage and 
ations but wasted later if nobody quite clearly understands what the output 
computer means and what should be done with it. 

liter types and operation 

iputers are normally classified into two types: 

The digital {or numerical) computer , which operates on the principle of 
fig digits at a very high speed: the computing and storage media are 
med with numbers, and the data are therefore translated into a digital 
dv some sort of suitable code, which is employed initially from the input 
The digital computer can be easily adapted to a wide variety of applica- 
provided the data can be translated into coded numerical form. 

The analogue computer , in which the production system governed by de- 
? variables is simulated by a physical model; changes in the variables of 
'stem are fed into the model by appropriate adjustments of the corre- 
ing variables in the model, and the expected effect is physically measured 
nalogy.” 

digital computer is suitable for applications in production control, where 
ptions of materials, specifications of products and machines, recording of 


Computer-Assisted Production Control 4! 

PROCESSING I OUTPUT 



Figure 16-1. .4 schematic diagratn showing how a computer works . 
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quipment available capacity, etc,, can zanily be presented in numerical 
inguago. 

Figure l(J I shows schematically bow such a computer operates, f Phn in for- 
tmiion in fed at the input stage by means of magnetic tapes, punched cards, or 
mnchod tapes, Data, processing consists ol‘ the library { storage) unibn and 
rithmctie unit. A control unit. prescribes to the computer what should be done 
dth l/hn information, bow to manipulate it, and in wind- sequence to perform 
alciulatioriH. At the output stage the processed data appear again in the form 
f* magnetic tapes, punched cards, or punelied tn-pon, arid a printing unit trarw- 
ttes the data from these media and puts thorn in printod form. 

Although the computer in limited in performing a restricted range of opera- 
ioriH, its volatility and capacity can (evidently be increased by adding certain 
■perating units; for instance by having several channels for input and output, 
evoral arithmetic units, several transfer functions (to transfer information from 
ho internal storage unit to various registers or from one register to another), 
hift functions (to move data up or down the value scale), arid several sorting 
mits for data classification. Kach of these units has its own operating speed, the 
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range of capacities of speeds being rather wide (as suggested in Fig. 16-2), so 
that the problem of coordinating their performance is one that system analysts 
and programers have to consider very carefully. 

Media for Recording Data 

Let us now examine more closely the various media most commonly used for 
recording data (see Fig. 16-3). 

Punched cards 

Series of holes are punched in a card, usually designed as a matrix of 10 
rows and 80 columns. Two additional rows are available, bringing the total 
number of rows to 12, which is useful for recording data for 12 months. Examples 
of 80 column cards are shown in Figs. 16-5, 16-6, and 16-7. 



Figure 16-4. Actuating a punched 
card machine by electrical control. 

(Courtesy International Computers and 
Tabulators Ltd.. London) 


Actuating the machines for sorting cards is carried out by closing electric 
circuits through the punched hole, as shown in Fig. 16-4. By using this basic 
principle, the punched hole can serve for the purposes of addition, subtraction, 
multiplication and division, selection, classification, filing, listing, reproduction, 
etc. The punched card system is highly versatile and widely used as a recording 
medium. The actual recording is carried out by punching the holes in appro¬ 
priate positions on the cards; there are two methods of notation: 

1. The decimal notation system , using the rows 0-9 on the cards; this is a two- 
dimensional system, the location of a hole being determined by two coordinates 
(row number and column number). 
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2. The binary notation system , in which numbers are expressed by relation to 
the base 2, uses only the figures 0 and 1. The number 110 in the binary system 
means: the first 1 is (2)- = 4; the second 1 is (2) 1 = 2; the 0 is simply 0; hence 
110 in the binary system is 6 in the decimal system. A conversion table from the 
decimal to the binary system would read as follows: 

Decimal Binary 

0 0 

1 1 

2 10 

3 11 

4 100 

5 101 

6 110 

7 111 

8 1000 

9 1001 

10 1010 

etc. 

In punching tapes by the binary system, the figure 0 is represented by the 
absence of a hole and the figure 1 by the presence of a hole; the system is very 
useful in recording information of the yes-no type, in which case it becomes one¬ 
dimensional, the location of a hole being defined by its distance along one axis. 
The translation of information from the decimal system to the binary system, 
whenever this is required, is often carried out automatically by the computer 
itself. 

The SO-column card allows for a great deal of information to be recorded on it 
for a wide variety of purposes. Several examples are given below'. 

Sales information 

Sales information can be punched as shown in Fig. 16-5, where (see bottom 
part of the card): 


Column 

Records 

1 

the code number 

2-6 

date 

7-1*2 

order number 

13-15 

quantity 

16-18 

model number 

19-24 

bill of materials 

25-49 

customer’s name or product description 

50-52 

schedule period 

53-55 

cards to make 

56-80 

design details of product 


Production control 

The International Computers and Tabulators, Ltd., London, used a computer 
to control the production of three of its factories, which included several 
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departments concerned with specialized equipment, a machine shop, an assembly 
shop, a special orders department, inspection, and stores. The total number of 
products amounted to approximately 600, and the inf ormation punched on the 
cards used both the decimal and binary systems as follows: 


Column 

Data 

System 

1-6 

part number 

decimal 

7-8 

factory location 

decimal 

9-10 

(not used) 


11-50 

quantities 

binary 

51-60 

(not used) 

61-70 

drum location 

binary 

71-76 

(not used) 


77-78 

card serial number 

decimal 

79 

class of card 

decimal 

SO 

computer designation 

decimal 



Figure 16-5. -4 punched card for sales records. (Reprinted by permission from “IBM 
Manufacturing Control,” International Business Machines Corporation, 1954) 

Payroll and assignment 

A wages or job card, used for recording operators’ earnings, can include details 
about the job to be carried out, work done, earnings and bonus, as shown in 
Fig. 16-6. 

Materials control 

Control of materials movements is facilitated by a card as in Fig. 16-7. One 
portion includes a location record and the other (which, when detached, becomes 
a 38-column card) can be used as a stock identification tag. 

Punched tape 

On the tape, too, the data are recorded as a pattern of punched holes, the 
principle of storage of information and sensing devices being similar to the 
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gure 16-6. .4 wages or job card. punched and showing the large amount of 

da which can be recorded. (Courtesy of International Computers and Tabulators, 

:d., London) 



gure 16-7. Control of materials movements by a punched card. (Reprinted by 
emission from**IBM Manufacturing Control,” International Business Machines Corpora- 

>n, 1954) 


inched card system. The punched tape is a far cheaper medium to use, but 
nng a continuous strip, it does not lend itself to convenient sorting of data as 
te punched cards do. 

agnetic tape 

The data are superimposed on the material in the form of magnetic strains, 
; in a tape recorder. The tape is very economical in storage space and allows a 
eat deal of information to be recorded on one reel. In one case study it was 
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Figure 16-8. The magnetic drum IBM 650 computer . (Reprinted by permission from 
“IBM Presents the 650 Magnetic Drum Data Processing Machine,” International Business 
Machines Corporation, 1955) 
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reported 3 that information involving 350,000 cards was transferred to seven 
reels of magnetic tape; another library of 30,000 cards for piece parts was con¬ 
verted into one reel; and stock files for bought-out finished materials containing 
45,000 cards could be recorded on one reel. Information can be recorded on 
magnetic tape and read at speeds of up to 15,000 characters per second. But 
while the storage capacity of this medium is very high compared with that of 
punched cards, it is far more expensive. 

Magnetic drum 

This is used for internal storage of information, whereas the three preceding 
methods are media for the input and output stages. The magnetic drum, a 
nickel-cobalt-coated cylinder (in the IBM 650 computer it is 4 inches in diameter, 
16 inches long, and it rotates at 12,500 rpm), stores the information and feeds it 
to the arithmetic unit, as shown in Fig. 16-8. The transfer of information from 
the input media (such as punched cards) is carried out by feeding the cards 
between contact rolls and a set of 80 “sensing” brushes. In this way each card is 
read and the data are transformed into electric impulses and stored on the surface 
of the drum as a pattern of magnetized spots (see Fig. 16-9). The information is 
stored in bands on the drum, each band being divided into sections having 
specified locations (see Fig. 16-10). The IBM 650 computer has 40 bands, each 
comprising 50 locations, so that it has a capacity of 2,000 locations, each location 
taking up to 10 digits and a sign. The instructions to the computer can be 
recorded on the drum in very much the same way (Fig. 16-11). 

Installation of a Computer-assisted Production Control System 

From the foregoing remarks it is fairly evident that the main benefits of 
computers in production control are derived in plants dealing with a wide variety 
of products, with a great diversification of specifications of materials, products, 
and components, and (last but not least) with a highly dynamic schedule which 
has to cope with changing customers’ requirements. Such a situation would often 
arise in large batch and job production plants. It would appear that the type of 
production in itself is not the decisive factor as to whether or not the computer 
can be usefully employed in production control. Many so-called flow production 
firms are, in fact, engaged in batch-producing components and assemblies for 
their final flow assembly line; they are conscious of scheduling problems in their 
batch shops, as well as production-smoothing problems associated with their 
final flow lines (see Chapter 13), and therefore find the computer useful. 

Experience in recent years has shown that the computer has potential eco¬ 
nomic applications in both large and medium size enterprises. Small plants, 
which are restricted by their limited financial resources from acquiring expensive 
computers (and for which in any case the utilization of the computers w r ould be 

3 Kease, W. J.: Electronic data-processing for production control (1957, a private 
publication). 
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far below capacity), may benefit by cooperating with each other, one computer 
offering services to several firms simultaneously. Such a scheme is in no w r ay dif¬ 
ferent from the position of the computer in a large enterprise, where it provides 
central storage facilities for recording data and computing services to a large 
number of independent departments. 

In exploring the possibilities of computer installation for production control, 
the following four steps may be considered. 

Sales analysis 

Past records of the firm will show' to what extent customers 5 orders have 
diversified in character, what percentage of the work has been to customers 5 
specifications as compared with standard products, and what quantities have 
been associated with the different models over the years. From market research 
and sales forecasts we have to express our sales expectations, analyze trends in 
existing models, and consider the possible effects of a variety reduction program. 

Product and materials analysis 

Following from the sales analysis, we have to study the effect of the changing 
characteristics of past orders on the diversification of product and components 
specifications, the increase in variety of required materials, and the extent to 
which materials and components can be made interchangeable from product to 
product and model to model. These effects should then be compared with 
expected trends in the future, based on our sales forecasts, in order to conclude 
whether any trends of past events may be reasonably expected to proceed and 
also decide whether it would be advantageous to arrest them and reformulate 
fundamental managerial policies. 

Schedule analysis 

Another interesting study would be to look at past delivery and production 
schedules in order to determine to what extent they increase in complexity, 
what time and effort is required to set up schedules, how often they need be 
changed because of changing circumstances, how tight schedules can be con¬ 
structed, what freedom for modifying centralized schedules is granted to manu¬ 
facturing departments, and where responsibility for complying with schedules 
rests. The purpose of this study is merely to ascertain whether the present 
procedure is adequate to handle the complexity of the situation. Presumably, 
the system was outlined several years ago, and the questions are: Does it still 
work as efficiently as conceived by its designer ? What unofficial modifications had 
been introduced because of change of personnel or pressure of work? 

Designing a new procedure 

If the present system is far from being satisfactory, we have to modify or 
redesign it, and it is only at this stage that an assessment of the possible benefits 
of a computer-controlled system can be made. “The successful installation of an 
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electronic computer depends fundamentally on one simple thing: that the system 
of which the computer forms a part is the finest that can be devised.” 4 The notion 
that a computer should be employed on existing systems is therefore completely 
erroneous, since such installations are not likely to yield the best possible 
economic results. It is only through a critical analysis and redesign of existing 
methods, with unflinching meticulous passion for detail, that the computer can 
successfully become an integrated part of the system. 


Programing 

The operation of a computer essentially consists of basic elements, each in¬ 
volving one action. This action may be computational (such as addition) or 
making a decision of the yes-no type (in comparing data with predetermined 
criteria). These basic actions are combined when the computer follows any 
sequence of operations, such as: searching for specific data, reading, comparing, 
sorting or arranging, checking, duplicating or listing, counting, and performing 
a series of calculations. 

In programing the operation of a computer, it is therefore necessary to break 
down complicated processes to basic elements, arrange the elements in the 
proper sequence in order to define clearly to the computer at what stages the 
operations are required, and finally to determine rules which will guide the 
computer in making its yes-no decisions in the course of sorting data. 

Hence the first step is the operational flow chart , which (like the ordinary flow 
charts described in Chapter 9) is designed to present an over-all graphical 
picture of the sequence of operations that constitute the control procedure. This 
is where the critical analysis of an existing procedure lies, and this is where the 
new procedure begins to take shape. The flow chart is the basis on which the 
detailed programs for the computer will be worked out, and it is therefore 
essential to bear in mind possible implications of the circuits in the chart while 
it is being designed. 

In outlining an operation flow chart, the basic framework shown in Figs. 
16-1, 16-2, and 16-12 is naturally adherred to. This procedure is somewhat 
analogous to the task of a designer of a complicated assembly: The detailing 
of components and subassemblies can be undertaken after the master assembly 
drawing has been finished, but when designing the main assembly, it is necessary 
to bear in mind the possible effect on the geometry of the components, their 
relation to each other, the possible methods of making these components, and 
the question of accessibility for assembly and maintenance. 

The flow chart leads to the preparation of program sheets, in which the opera¬ 
tions of the computer are broken down into elements and translated into a 
numerical coded form. This is a specialist’s job, requiring meticulous detail and 
understanding of the computer’s anatomy and capabilities. Programing is a 
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time-consuming job and sometimes it has been found economical to install 
machines to work out the details of these programs in a computerized language. 
These are called ‘‘compilers” and they are constructed in such a manner as to 
convert- problems presented to them, in a form of comparatively short state¬ 
ments, into programs for the computer. 


WHEN A TRANSACTION OCCURS AND GOODS ARE 
Received Issued or Dispatched 



The stock tapes are brought up to date. 



Further, a file of tapes is maintained showing avail¬ 
able plant capacity per machine group. 



Figure 16-13. Bringing stock records up to date . 

(Contributed by W. J. Kease) 

Examples of Application 

Many thousands of computers are now used in industry for production and 
inventory control, and the number of computers on order virtually exceeds the 
number already in use. Numerous case studies of computer applications have 
been recorded in literature, providing useful details and hints for anybody who 
contemplates the introduction of a computer to a production control system. 
The following examples are very briefly described for the purpose of illustration 
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merging data, calculating, and printing the new balance figures. The computer 
is a very useful tool for inventory planning through studies of demand distri¬ 
butions, queues of orders, effectiveness of delivery dates, etc. Several inventory 
policies can be evaluated by simulating history for each suggested policy, so that 
within a fairly short period of time, it is possible to compare the effectiveness of 
the various policies and select the most promising one. 

Machine loading 

Tor this planning function to be effective, it is necessary to have an up-to- 
date record of available machine capacity. Figure 16-15 illustrates schematically 
how this information is used by the computer to produce the final job cards. 
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Figure 16-15. Outline of machine loading. (Contributed by 
W. J. Kease) 


An interesting application of machine loading was reported in the textile 
industry. 5 Different looms w r eave different types of cloth. There are versatile 
machines that are capable of weaving both fine and coarse cloth, and while they 
are naturally best employed on the highest quality material, it is more economical 
to use them on producing coarse material rather than having them remain idle. 

5 Ellis, P. V.: Electronic computers and the production engineer (J. Institution of Pro¬ 
duction Engineers, February, 1959). 
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In allocating the jobs to available machines, the first step is to classify the capa¬ 
city into types by reference to the number of shuttle movements of the machines. 
The loading of orders is also expressed by the number of shuttle movements 
required to perform a job, so that available capacity is readily obtained by 
subtracting the loaded orders from given machine capacities. Cards are punched 
for available capacities of each loom group and for each type of cloth, giving 
details about the cloth and quantities and delivery dates. The cards are then 
sorted so that each group card is immediately followed by the stock cards for 
each of the cloths woven on that group; in allocating the jobs, the computer 
first selects those with the highest profit margins. Finally the computer prints 
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figure 16-16. General floic of information in job production control . (From W. R. 
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lists of exhausted machine capacity for any given production period so that 
managerial decision can be made about expansion of capacities, subcontracting, 
etc. 

Control of job production 

In large job shops products may differ widely in design, types of materials 
and machines required, skills, and inspection procedures. In many cases schedul¬ 
ing tends to be very inaccurate, since estimating operation times in job produc¬ 
tion can be based only on limited past experience and is therefore prone to 
errors. For this reason control must be made as effective as possible so that 
schedules can be continuously amended and machine loading reviewed with the 
aim of reducing idle time. A flow chart for flow information in a job shop is 
shown in Fig. 16-16. 

Summary 

The electronic computer is capable of handling and manipulating data 
quickly and reliably, and therefore it can be of invaluable assistance in produc¬ 
tion control w r hen scheduling and inventory problems are highly dynamic in 
character. The information is fed into the computer in coded form on a suitable 
medium (punched cards, punched tapes, or magnetic tapes), and the computer 
carries out a sequence of predetermined simple operations such as addition or 
classification of data by comparison with set criteria. This sequence is depicted 
by program sheets based on a flow’ operation chart that precisely defines the 
functions of the computer in the control procedure. The computer is a manage¬ 
ment tool, very efficient but quite unintelligent; it can be usefully integrated in 
a control system but it cannot replace it. 
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INVENTORY CONTROL 


Inventory or stock control is an integral part of inventory management, 
which in turn consists of several functions: 

Effective running of the stores: including problems of layout, utilization of 
storage space, storing media (shelves, bins, etc.), receiving, and issuing 
procedures. 

Technological responsibility for the state of merchandise: methods of stor ing , 
maintenance procedures, studies of deterioration and obsolescence. 

Stock control systems: stock taking, stock level records, ordering policies, and 
procedures for stock replenishment. The purpose of stock control is to ensure 
that while stock levels are not excessive, demand can almost constantly be 
met and the number of times the store runs out of stock is limited within 
specified and acceptable bounds. 

Of these three functions, stock control deserves special attention here in 
connection with production planning and control. But before we proceed with 
describing some stock control systems, perhaps we should ask: What is the 
purpose of holding stocks in the first place? There are six major reasons: 

1. To create a buffer between input and output , so that the outgoing flow can be 
as little dependent on the input characteristics as possible: Consumption of 
materials either may be continuous or may consist of a series of instantaneous 
withdrawals of batches from the stores, depending on the type of manufacture, 
on the process, and sometimes on the stock control system in operation. In 
chemical and allied industries, where flow of materials is an integral part of the 
process, supply from the stores is often continuous, while in firms manufacturing 
engineering products and consumer goods, the assembly line is often fed by 
small batches of parts, designed to last for a preplanned production period. The 
supply of materials or components to the stores is. however, almost invariably 
carried out in batches, so that the stock level increases instantaneously by 
periodical orders for replenishment (as in Fig. 6-21). The basic difference between 
the flow characteristics into and from the store compels the firm to hold in¬ 
ventories, which are designed to meet the needs of the production departments 
until new stock arrives. 
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2. To ensure against delays in deliveries: A batch of incoming materials is 
intended to last a certain period of time. When an order for fresh stock is made, 
supply is normally not immediately available, but some time elapses before it 
arrives. This replenishment period (or “lead time,’ 7 as it is often called) between 
the time of placing the order and the time of stock arrival is often subject to some 
variations, since it depends very much on how heavy the production or delivery 
schedule is at the vendor's end. on the queue for orders that he has to meet, and 
on the priority system operating in his organization. A manufacturing enter¬ 
prise must therefore hold some reserve stocks to allow production operations to 
continue, if delay in procurement occurs. 

3. To allow for a possible increase in output if so required: Changes in the 
manufacturing program may occur because of variations in market requirements, 
seasonal or stochastic. While production rate cannot always be rigidly geared to 
demand for the product in the market (and this, incidentally, is why stocks of 
finished products must also be held), this rate may have to be stepped up or 
reduced from time to time, and if increased production should be allowed to 
proceed without interference, reserve stocks of materials must be held (see also 
Chapter 13). 

4. To take advantage of quantity discounts: Materials and components may be 
cheaper when purchased in larger quantities, owing to larger discounts and 
lower transportation costs. Furthermore, paper work and inspection of in¬ 
coming goods are often simplified when larger quantities are ordered. On the 
other hand, capital is tied up in dormant goods, more store space and more 
handling and maintenance of the goods in the store are required, and greater 
losses due to deterioration and obsolescence are normally expected. 

5. To ensure against scarcity of materials in the market: Sometimes there are 
wild fluctuations in the output of certain materials and in the demand for them, 
so that materials may become scarce and difficult to get. A reserve stock held by 
the firm will ensure that production operations are not affected by sporadic 
scarcities in the market. During periods of rapid economic expansion, or during 
periods of emergency, the availability or scarcity of materials w r ould very often 
become a prime mover in stock control policy. 

6. To utilize to advantage price fluctuations: Price fluctuations of materials 
may have a marked effect on the procurement policy of a company. If these 
fluctuations are to be used to some advantage, materials have to be purchased 
in adequate quantities when prices are low. Industries depending on raw 
materials, especially basic raw' materials, have to pay a great deal of attention 
to market prices, and some firms feel that they are so dependent on price 
fluctuations that major policy decisions and the firm's resources become fully 
geared to the activities of the purchasing department. 

The first and basic reason suggested above for holding inventories stems from 
the fact that withdrawals from the store differ in pattern from the procurement 
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mechanism. AH the otlwr fivc^ causes enumerated are of a different character 
altogether, hut they have oik* tiling in common: uncertainty. Because of un¬ 
certainties in rates of demand, lead times, price fluctuations and their effects on 
discounts, reserve stocks must lie hold in excess of hanir! inventories. Naturally, 
the bigger the uncertainties, th(‘ higher the rcHurvi' or safety stocks that must. be 
carried, and the morn costly it in for the lirm in question. r Thin is why uncer¬ 
tainties have to be studied arid the various possible alternative policies analyzed, 
before tho bent one can bo specified. Needless to way, hu< di an analysis must try 
to bring in all the relevant parameters in order to obtain as complete and 
unbiased a picture an possible. 

Another [mint that is often overlooked in connection with the quantitative 
effect of uncertainties is that the system is usually dynamic. Changes in the 
market arid in tin* economy as a whole are likely to alter the balance between the 
various parameters, to increase the effect of some and almost eliminate others; 
in short, to create a virtually new situation that calls for a new inventory policy. 
Far too often we find in industry stilted inventory control procedures and 
replenishment policies that were perhaps suitable to prevailing conditions in the 
remote past but# which have since lost, aII signs of validity or relevance. Particu¬ 
larly whim the stores have to deal with a large number of items, people are 
usually very reluctant to introduce changes in inventory control systems or 
treat/ some items on a different footing than others. It. is far easier to maintain 
a smoot.li system with as lew irregularities as possible*-, a system whose very 
backbone is rout ine, consist ing of repeatable actions common to all items, than 
to keep on changing procedures and even policies. 

But inventory control cannot Ik* immunized from the effects offerees acting 
on the system, and an ulfraconservative approach to inventory control often 
leads to excessive stocks held by the company or sometimes to frequent run-outs 
of stocks for certain items. Inventory management must therefore constantly 
evaluate the situation in order to be able to decide when a changeover in policy 
becomes desirable. 

Effect of Demand on Inventories 

To illustrate the dynamics of inventory management, let us examine the 
effects of demand fluctuations on the desirable level of stocks. Suppose a firm is 
manufacturing a product in four stages: 

Making components from raw materials 

Making minor assemblies from components 

Making major assemblies from components and minor assemblies 

Assembly!ng the final product 

Clearly, the stores must hold stocks of items at all stages, as well as stocks of 
raw materials. If the demand for the final product is, say, 100 units per period, 
the output at each stage should also be 100 units per period, and raw materials 
should likewise be ordered for 100 units per period. A reserve or safety stock 
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should also be held at all stages. Let us consider two policies, one which calls for 
a reserve stock of 20 per cent and the other for 50 per cent of the output per 
period. The desirable stock levels according to these policies are shown in 
Table 17-1. 


Table 17-1 


Total Stock Available 



Demand 

Reserve Stock 

at End of Period 

Stage 

per Period 

Policy I 

Policy II 

Policy I 

Policy II 

0. Finished products 

100 

20 

50 

120 

150 

1. Major assemblies 

100 

20 

50 

120 

150 

2. Minor assemblies 

100 

20 

50 

120 

150 

3. Components 

100 

20 

50 

120 

150 

4. Materials 

100 

20 

50 

120 

150 


If demand for the final product suddenly increases by 20 per cent, i.e., 
demand at stage 0 is 120, the reserve stock by policy II should now be 60 units. 
At stage 1 we have to produce 120 units for store 0 and 10 more units to increase 
the reserve stock at stage 0; hence 130 units are needed, which involve a reserve 
stock of 65. At stage 2 we now need 130 to supply stage 1, plus the extra 15 
units to build the reserve stock of stage 1, and so on. The new figures are shown 
in Table 17-2. 


Table 17-2 


Effect of a Demand Increase by 20 Per Cent 

Policy I Policy II 


Stage 

Demand 

Reserve 

Total Required 
at End of 1st 

De??iand 

Reserve 

Total Required 
at End of 1st 

0 

120 

24 

Period 

144 

120 

60 

Period 

180 

1 

124 

25 

149 

130 

65 

195 

2 

129 

26 

155 

145 

73 

218 

3 

135 

27 

162 

168 

84 

252 

4 

142 

28 

170 

202 

101 

303 


A boost of only 20 per cent in the demand for the final product causes a 100 per 
cent increase in the demand for raw materials in the second policy, but only by 
40 per cent when the first policy is adopted. What happens when there is a 
sudden decline of 20 per cent in demand? Again, we see from Table 17-3 that 
the effect of a change in demand is augmented as we proceed down the various 
stages, but that effect in policy II is far larger than in policy I. 

Table 17-3 



Effect of a Demand Decline by 20 Per Cent 



Policy I 


Policy II 



Total Required 



Total Required 

Demand Reserve 

at End of 1st 

Demand 

Reserve 

at End of 1st 



Period 



Period 

80 

16 

96 

SO 

40 

120 

76 

15 

91 

70 

35 

105 

71 

14 

So 

55 

28 

83 

65 

13 

78 

33 

17 

50 

58 

12 

70 

0 

0 

0 
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These effects may be expressed in a more general form as follows: If the 
output per period is Q and if the policy for reserve stocks specifies that a pro¬ 
portion r should be held, then rQ is the safety stock for finished products at the 
final stores. If there is a sudden impulse x in demand of the product, so that 
<2(1 + a?) are now needed, the reserve stock should now be rQ(l 4- *r). This would 
lead to the following results, 

Stage 1 . Output required: 

< 2(1 x) for the final stage 

4~ [><2(1 -r x) — r<2] for the safety stock at the final stage 
= Ql 1 + *(1 + r)] 


Safety stock required: 

rQ[ I + x( 1 + r) ] 

Stage 2. Output required: 

Q[l + x(l + r)] -4 {r<2[l 4 - *(1 + r)] - rQ} 

(for output at stage 1) (for safety stock at stage 1) 

= Qi i + x(i 4- m 


Safety stock required: 

rQ[l 4- x(l + r) 2 ] 

Stage 3. Output required : 

<2[1 + *(1 4- rf] 4 - rQ [I 4 - ar(l 4- r) 2 ] - rQ = 0[1 - x(l r) 3 ] 


Safety stock required: 

r<2[I 4- x(l 4- rf] 

and so on. It can be shown that the output Q n required at the nth stage would 
be given by 

fs = 1 + *(1 + r) n (17-1) 

Q 


from which it is evident that Q n will increase with the policy r, the impulse x, 
and above all, with the number of steps n. However, x and, to all intents and 
purposes, n are dictated by outside circumstances, whereas r is an expression 
of our inventory policy. Obviously, the smaller the reserve stocks, the smaller 
the effects of fluctuations caused by this chain reaction along the production line. 
Had we been able to dispose of reserve stocks altogether (i.e., r = 0), there 
Tvould be no amplification of the impulse through the stages, as then 



x 
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Equation 17-1 may sometimes give us some useful indications as to how liberal 
our policy may be allowed to become: 



Example J 

If fluctuations in demand of 10 per cent may be expected, and if it is undesir¬ 
able for Q r JQ to exceed 1.2. what policy r may be allowed when the line consists 
of four production stages ? 

Solution 

Substituting n = 4. x — 0.1 ,Q n Q — 1 = 0.2. we have 



i.e., reserve stocks should not be more than 20 per cent of the output volumes. 

The figures given in Tables 17-2 and 17-3 indicate the immediate effects of a 
demand impulse. If in the subsequent period the demand for finished products 
remains at its new level, the output at stage 1 may be matched with the level 
required at stage 0. and outputs at other stages should also be adjusted so that 
the amplitude of the wave that has been generated is considerably reduced with 
each period, until eventually in the fifth period (Table 17-4) the amount of 
materials required (stage 4) is the same as the new demand figure. As the orders 
for output at the various stages are successively adjusted, the safety stock 
requirements must be adjusted accordingly, and this secondary effect is also 
generated across the line, before final equilibrium is attained. We have not 
pursued here the effects of discrepancies between demand forecasts and actual | 
demand, as these were discussed in Chapter 6. but evidently they will contribute 
to fluctuations along the line. 

Table 17-4 

Effect of a Demand Impulse on Requirements in Successive 

Periods 


Stage 

Before 

Demand Impulse 
a b 

a 

1 

b 

2 

a 

b 

Period 

3 

a b 

4 

a 

b 

5 

a 

b 

0 

100 

50 

120 

60 

120 

60 

120 

60 

120 

60 

120 

60 

1 

100 

50 

130 

65 

120 

60 

120 

60 

120 

60 

120 

60 

2 

100 

50 

145 

73 

130 

65 

120 

60 

120 

60 

120 

60 

3 

100 

50 

168 

84 

145 

73 

130 

65 

120 

60 

120 

60 

4 

100 

50 

202 

101 

168 

84 

145 

73 

130 

65 

120 

60 


Col. a = demand; co 1 . b — reserve. 
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The somewhat simplified model given in Table 17-4 illustrates how amplitudes 
of fluctuations at the market end of the line are amplified as the waves are 
propagated across the production line, but the model does not account for the 
fact that if the production rate is suddenly increased, reserve stocks of materials, 
components and assemblies have to be used until they can be replenished (this, 
after all, is one of the main reasons for holding safety stocks). Thus, in increasing 
our production rate, we must supply not only the next stage up the line and the 
need to raise the level of reserve stock in that stage, but we must also replenish 
the amount taken from the safety stock when line output is not adequate. This 
means that the effect at the other end of the line will be even more pronounced 
than suggested by the accompanying tables, depending on the lead times 
required for ordering materials and for initiating changes in the production 
rate. 

Take, for example, a case with three stages, as described in Table 17-5. 
During period 1 the demand for finished products is 100, and the output at each 
stage is matched to this figure, while safety stocks are 50 units at each stage. 
During period 2 the demand rises to 110 units, but output of finished products 
is only 100, so that 10 units from the safety stock are withdrawn, leaving it with 
40 units. Suppose this increased demand is expected to continue diming period 
3; the output of stage 0 should be 

110 (to supply the line) -f 0.5 x 110 (new safety level) — 40 (present level) 

— 125 


Table 17-5 


Effect of Demand Impulse When Policy Requires Safety Stock 
to be 50 °o of Momentary Output for the Line 





Period Number 


Stage 

1 


2 

3 

End of 3 


a 

b 

a b 

a b 

a b 

Market demand 

100 

110 

110 

110 


/* 


/* \ 

/>-x 

/ 

0. Final product 

100 

50 

100 40 

125 40 

110 55 


t 


f 

A. 


1. Assemblies 

100 

50 

100 50 

150 25 

110 65 


t 


k 

I 

(163) 

k 

t 

2. Components 

100 

50 

100 50 

150 * 

110 40 


t 


t 

(253) (-13) 

A 

! 

3. Materials 

100 

50 

100 50 

i 

495-** 

110 385 


( — 108) 

Column a: actual outputs for the period. In brackets: required, but unattainable output 
levels. 

Column 6: safety stocks. 

*: Safety stock run-out. 

Arrows show flow of materials, components, etc. 
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Table 17-6 

Effect of Demand Impulse When Policy Requires Safety Stock 
to be 50° o of Eventual Output for the Line 

Period Number 

Stage 2 2 3 End of 3 4 5 

a b a b a b a b a b a b 

.Iarket demand 100 110 110 110 110 110 

/ \ / / / 

>. Final product 100 50 100 40 125 40 110 55 110 55 110 55 

t t t^-> t t t 

. Assemblies 100 50 100 50 140 25 110 55 110 55 110 55 

* A ^ fft 

. Components 100 50 100 50 150 10 110 50 115 50 110 55 

t t (155) t t t 

. Materials 100 50 100 50 170 * 110 55 115 55 110 55 

(-5) 

Column a: actual outputs for the period. In brackets: required, but unattainable output 
Bvels. 

Column b: safety stocks. 

*: Safety stock run-out. 

Arrows show flow of materials, components, etc. 

kit in order to produce 125 units, we must have 125 assemblies, and these we 
an get as follows: 100 from output of stage 1 4- 25 from the safety stock of 
tage 1, leaving now only 25 in stock. The output required now’ for assemblies is: 

125 (for the line) — 0.5 X 125 (safety) — 25 (present level) = 163. 

$ut with the policy for safety stock adopted so far, it is impossible to produce 
63 units at stage 1, the maximum possible output being 150 (100 from stage 2 
- 50 from the safety stock), so that an outstanding demand for 13 units from 
he safety stock at stage 2 cannot be met. Similarly, the output required at 
tage 2 is 

163 - 0.5 x 163 - ( - 13) = 258 

Lgain, only 150 can be produced and a deficiency of 108 units in the safety stock 
t stage 3 is recorded, and so on. For safety we have specified here stocks being 
0 per cent of the portion of the output that is required for replenishment of 
he safety stock of that stage. Even so, it is remarkable how T a 10 per cent 
npuise in demand of finished products can (one might say “artifically”) create 
demand for 495 units for materials after only three stages. 

Restrictions on output increase 

There are two main restrictions on increasing the output at various stages: 
'he first, as already indicated above, is caused by the level of safety stocks. In 
:ie example given in Table 17-5, this would limit the output to 150 at each 
sage during period 3. The second restriction lies in the limited capacity of the 
lachines, in the limited available labor, and in the limited flexibility of the 
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technological and administrative arrangements that can be made at a short 
notice. 

Let us assume for a moment that in our example, the only limitation to 
increasing the output is the amount of materials available at the input to each 
stage; in other words, the amount that can be drawn from the safety stock. 
Orders for the amounts shown in parentheses in Table 17-5 have been issued 
with the full knowledge that they cannot be fulfilled, and this naturally intro¬ 
duces an atmosphere of strain and uncertainty into the shop. But what does 
actually happen in period 3 ? 

Stages 1, 2, and 3 produce 150 units (the maximum possible amount), and at 
the end of the period 110 units are transferred along the line. The balance goes 
into the safety stocks and the picture is not really so bleak as we have been led 
to believe at the beginning of the period. In fact we have now 65 units as safety 
stock at stage 1, whereas only 55 are required. This means that although the 
quota of 163 was not met, the production order for the next period will have to 
specify a quantity smaller than 110, while stage 0 (where the quota was met) will 
have to produce 110! This is a typical state of affairs when safety stock policy: 

(i) Specifies a certain percentage of the momentary stage output, rather 
than of the ultimate stage output; 

(ii) Tries to restore immediately the safety stocks to their desirable level. 

Too often, unfortunately, these features are characteristic of decentralized 
production control, where each stage is responsible for its own output and 
reserve stocks, and where decisions are taken on the basis of output figures at 
the next stage in the line, rather than on the end requirements. One can only 
sympathize with the frustrated stock controller of materials at stage 3, who is 
faced with unruly fluctuations in requirements. At the beginning of period 3 he 
puts in an order for 495 units, 110 of which are sent along the line and 385 left as 
reserve. The safety stock has, therefore, 50 at the beginning of the period, all of 
which are withdrawn. A further demand for 108 cannot be met, and then the 
stock level surges to 3S5—and all this in one period! Furthermore, after in¬ 
creasing fivefold the order for materials from period 2 to 3, there will now pass 
several periods in which no orders for fresh materials will be made. 

If, however, outputs and safety stocks are computed with the eventual 
required output in mind, the amount ordered at stage 0 would still be 125, 
but at stage 1: 

110 (for stage 0) + 55 (safety) — 25 (present safety level) = 140 
Similarly, at stage 2, 155 would be needed, 170 at stage 3, etc., the increase being 
15 units per stage (10 for satisfaction of the demand, 5 for putting up the safety 
stock), as shown in Table 17-6. The safety stock is now depleted at stage 3, so 
that stage 2 can produce 150 instead of 155 units. This is not so serious, as shown 
in the next column, which gives the position at the end of period 3. Apart from 
the safety stock at stage 3 (which is only 5 units too low), all is well. In period 4, 
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therefore, we have to produce 115 at stage 3 and order 115 for materials at 
stage 4, and in this way we succeed in smoothing out the effects of the demand 
impulse by the end of period 4. 

Fluctuations in distribution channels 

Distribution channels in marketing present a similar background, each channel 
being analogous to one of the stages in the line referred to above, and changes 
in demand at the retailers* end may cause serious fluctuations in orders from 
the plant. Very often, however, the plant cannot immediately switch over to 
new outputs in every period, and the change is usually gradual and within 
certain limits (e.g., production may be adjusted from period to period by ±20 
per cent but cannot be increased fivefold as in the example in Table 17-5), and 
this often helps to damp these fluctuations. 

Two interesting examples of the effect of a demand impulse by 10 per cent at 
the retail end are shown in Figs. 17-1 and 17-2. The processing of the orders, 
including mailing, receiving, and accounting, may often involve a lag time of 
about one month from retailers' to distributors’ orders. While the retailer in this 
case orders 10 per cent more, the distributor has to order 15 per cent more 
(Fig. 17-1), and by the time the effect is felt at the factory warehouse, the order 
is increased by 28 per cent. The inventory level at the factory warehouse first 
falls by 13 per cent in order to comply with the orders. The factory output, now 
delayed by six weeks, reaches a peak of ±40 per cent above the initial level, 
while the increase in demand is still only 10 per cent up. Figure 17-2 shows a 
similar state of affairs when the demand fluctuates seasonally by ±10 per cent. 
The effects on the stock-level fluctuations at the factory warehouse and on the 
factory production output are remarkable. 

To sum up, combinations of uncertainties in market demand and replenish¬ 
ment times seem to have a marked effect on the requirements at the source, and 
for this reason inventories of goods at the beginning of a distribution pipe line, 
or inventories of raw materials, tend to be rather high. Indeed, the Department 
of Commerce has estimated that more than 50 per cent of the total inventories 
in the United States are held by manufacturers, and this represents a colossal 
sum of money. The study of inventory levels and the characteristics of chain 
reactions of the type mentioned above seems, therefore, to be well worth while. 

Stock Control Systems 

Briefly, stock control systems constitute the framework of laid down pro¬ 
cedures, according to which quantity control is exercised. This control follows 
the familiar pattern of any control system, namely: 

• Find out how much we have (stock records, stock taking). 

• Compare with how much we should have (as specified after study of stock-level 

fluctuations, rates of demand, etc.). 

• Take steps to close the gap between the two (stock replenishment, re-evaluation 

of the desirable average and safety stock levels). 




Figure 17—1. Response of production-distribution system to a sudden 10° Q 
increase in retail sales . (From “‘Industrial Dynamics, A Major Breakthrough for 
Decision Makers/’ by Jay W. Forrester, Harvard Business Review, July-August I95S, 
reproduced courtesy Harvard Business Review) 



Figure 17—2. Response of product ion-distribution system to a sudden 10° Q 
annual rise and fall in retail sales. (From “ Industrial Dynamics. A Major Breakthrough 
for Decision Makers,” by Jay W. Forrester, Harvard Business Review, July-August 1958, 
reproduced courtesy Harvard Business Review) 
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The study of the discrepancies that occur between the planned and the actual 
stocks is essential if the control system is to be effective. Indeed, the effectiveness 
of any system or procedure is determined by its success or failure to realize the 
aims for which it has been adopted in the first place. If the nature of these 
discrepancies is known and understood, management can be in a position to 
decide 'whether it is possible and worth while to change the system or modify it 
in order to attain a higher degree of correlation. 

We have discussed in the preceding section some of the vertical effects of 
demand fluctuations on stock levels.‘Vertical” in the sense that stages follow in 
a manufacturing sequence and the dependence of stages on each other lies in 
the feeder flow of materials or components that form the line. There are, how¬ 
ever, horizontal effects as well. A store of different components, for instance, may 
be fed by the same shop in such a way that no two items can be supplied 
simultaneously. The machines in the shop produce one item at a time and are 
set to produce another item when the quota or batch of the currently produced 
one is fulfilled. All the items supplied by this shop are not vertically dependent 
on each other (they may even be intended for different products) and coexist on 
the same horizontal footing, so to speak. Now, when the demand for one item 
changes, the quantity ordered for that item from the shop and thereby the 
production schedule are affected. This means that delivery for another item 
may be delayed or put forward, and hence its stock level will assume a pattern 
of change different from that expected. 

Horizontal effects also occur when materials or components are ordered from 
an outside source of supply. It is sometimes desirable to exploit favorable terms 
of sale, which involve a common delivery date for different items, and this date 
may not coincide with the ones specified had each item been ordered separately. 
It is probably true to say that the larger the store and the larger the number of 
items held in it. the more prominent these horizontal effects are likely to be. 

Ordering procedures 

The main features of a stock control system are defined by the ordering 
procedure, which is designed to answer the following tw r o simple questions: 
How much to order? When to order? Some of the more common stock control 
systems will now be described. 

The tico-bin system (sometimes called the min-max system) 

This is perhaps the oldest and the most commonly used system. The stock is 
divided into two bins: the first one is intended for satisfying current demand, the 
second for satisfying demand during the replenishment period. Thus the second 
bin comes into use only after the first bin has been completely depleted, and 
when that happens, an order for stock replenishment is put in. When the ordered 
batch arrives, the level of the second bin is restored to its original high value and 
the balance is put in the first bin, from which current demand is now supplied 
again. 
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This division into bins either may take the form of physical division in the 
store, with the storeskeeper giving the ordering signal as soon as he has to start 
using the second bin, or the two bins may be segregated only on the stock card, 
so that in the stores the two quantities are kept together. There is, however, a 
fundamental difference between the two methods. When the stock is physically 
divided into two bins, the ordering procedure is ‘'automatic, 35 so to speak. The 
authority to order replenishment is not dependent on stock taking, stock balance 
calculations, consumption rate fluctuations, trends, etc. The system is automatic in 
the sense that it can dispense with all this paper work and rely solely on the stock 
level to trigger off the order, as soon as this level reaches a predetermined value. 

When the stock is divided into two bins on paper only (either on the same 
stock card or by the use of tw T o stock cards, one for each bin), the order for 
replenishment must be initiated at the control office, and this necessitates accu¬ 
rate and up-to-date records, hence an effective reporting procedure, involving a 
fair amount of paper work, minimum time lag for information from the store to 
be transferred into the records, and periodical stock takings to compare the 
records with physical stocks. Although valuable information is gained by this 
method on the current stock level and demand characteristics, the system loses 
some of its 4 ‘automatacity. 33 

The main advantage of the two-bin system lies in its simplicity and reliability. 
It is comparatively cheap to operate and easy to explain to new stock control 
personnel. One of its disadvantages, however, is the absence of adequate data on 
stock levels and consumption rates in the simpler forms of the system. This 
hampers to a certain extent our ability to re-evaluate batch sizes for orders, 
wdiich become particularly difficult to control in the case of slow-moving stock. 
Also, when different items have to be ordered from the same source, in order to 
reduce transportation costs or to take advantage of credit or discount terms, it 
is necessary to order several items simultaneously, even when only one reaches 
the reorder point (an example of such a system is given later), while the basic 
idea of the two-bin system is that products are independent of each other in 
the replenishment procedure. 

True enough, all these shortcomings in the system can be alleviated by the 
introduction of suitable modifications such as segregation between slow-, 
medium-, and fast-moving items with a different amount of paper work and 
consumption rate analysis for each group or setting up groups cff goods that have 
to be ordered simultaneously from the same vendors, with proper cross checks 
of stock levels. Most of these modifications work very well in practice, but more 
often than not they rob the two-bin system of its basic advantage: simplicity 
of performance and minimum paper work. 

The ordering cycle system 

Whereas in the two-bin system the reorder mechanism is linked to the stock 
level of each individual item, the ordering cycle system is based on periodic 
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reordering of all items. With every cycle the stock of each item is brought up to 
its level, which is dependent on the length of the cycle, the replenishment period, 
and the consumption rate. When the replenishment period and demand are 
not subject to variations, the reorder quantity obviously increases with the 
cycle time, so that short cycles are required if rapid turnover of stock is desirable. 
The main advantage of this system over the two-bin system is that all orders for 
replenishment are issued at the same time. The ordering mechanism is regular 
and not subject to sporadic arrivals of warning signals from the store, and the 
personnel in the control office can perhaps better plan its operations and utilize 
its time more efficiently. Usually, however, more stock is held when this system 
is adopted than with the two-bin system. Among the variations of the ordering 
cycle system are the following: 

1. All items one cycle: i.e.. all the items are replenished every cycle. This is a 
particularly useful method when the number of items is not too large and when 
the differences in demand are not so marked as to create large contrasts in the 
rate of stock turnover. In some cases, when the different goods have similar 
demand characteristics, replenishment times, etc., one reorder quantity may be 
adopted for all items, with readjustments for individual items made once every 
few' cycles. This method greatly simplifies the ordering procedure. 

2. Multicycles: i.e.. the items are divided into groups and each group has its 
own ordering cycle, independent of the other groups. The groups are formed 
either by selecting goods that have to be ordered from the same vendor or by 
taking items whose demand characteristics are very close. The multicycle system 
is adopted when the stores have to deal with a large number of items. Whereas 
with “all items one cycle" the average stock level tends to increase with the 
number of items, this failing can be remedied by splitting the store into groups 
and assigning an appropriate cycle time to each. 

Combinations of the tico-bin and the ordering cycle systems 

There are several stock control systems in industry that try~to combine certain 
features of the two-bin and of the cycle systems, in order to enjoy the advantages 
of both. These combinations vary in character, depending on how r much is really 
borrowed from the two basic systems. Two examples are discussed below'. 

Example 1 

The store is divided into groups and all items of each group are ordered simul¬ 
taneously. When any member of the group reaches the reorder point (i.e., its 
second bin comes into use), all items in the group are automatically ordered. 
The danger of this method is that slow moving items will be ordered again and 
again, and some measure of control is required to prevent their being reordered 
when a certain level of stock is attained. This can be done by reviewing the stock 
cards of all members of the group before reordering. Better still, one can intro¬ 
duce a quick visual check in the stores by using a shelf or a rack with a capacity 
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equal to the maximum desirable amount of stock. If the shelf is not full, the item 
may be reordered when the other members of the group are ordered. If there is 
an overspill, the item is deleted from the group order. 

This method constitutes in fact a three-bin system with the following usage 
and ordering rules: Do not use bin 3 before bin 2 is depleted and do not use bin 2 
before bin 1 is depleted. Do not order an item as long as its bin 1 is used. If a 
reorder signal is given by another item, include the item when bin 2 is in use. 
As soon as bin 2 is depleted, give the reorder signal for the group (but exclude 
from the order all items-that have bin 1 in use). In this wav. excessive accumu¬ 
lation of stocks is avoided, while some of the main features of the basic svstems 
are retained, namely, the principle of the two-bin system by which reordering is 
triggered off by stock levels, and the simultaneous reordering characteristic of 
the ordering cycle. It may be said, however, that the method is basically a two- 
bin system with an ordering cycle modification. 

Example 2 

The store is divided into groups and each group has its own ordering cycle. 
In order to ensure, however, that we shall not run out of stock before the time 
for reorder for the whole group has come, reordering individual items by the 
two-bin system is introduced. Hence, if the first bin of any member of the group 
is depleted, an order for this item alone is automatically sent out. This method 
allows flexibility in determining the length of the reorder cycle. When the cycle 
is short, most orders are made by the cycle system; when the cycle is made longer, 
more and more orders are sent out by the two-bin system. Here. too. it is neces¬ 
sary to prevent excessive stock build-up, and this may be achieved in the manner 
described above. This system is basically an ordering cycle system with a two- 
bin system modification, but the two-bin bias increases as the cycle length for 
any specific group increases. 

Reorder Quantity 

A typical example for variation of stock level with linear demand was shown 
in Fig. 6-21. and as pointed out in Chapter 10. the optimal batch size for stock 
replenishment is a special case in the theory for optimal batch sizes for produc¬ 
tion. Clearly, if we order too often, the cost per item may increase, owing to the 
cost involved in preparing and issuing a large number of orders. If we keep this 
number down and order too much each time, the carrying costs due to a high 
average level of stock would be excessive. 

Since the stock increases instantaneously when the batch arrives, the rate of 
production is not included in the consideration of the optimal batch, or 

a p = 0 

and for minimum costs per unit the batch size is 
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.ere s is the cost incurred in processing an order and K is the carrying costs 
stor: 

I -L 2B 

K = — — (17-3) 

2 a 

.ere a is now the consumption rate, I the interest charges per piece per unit 
le, and B the average carrying costs in stores per unit time. It should perhaps 
noted here that consumption often takes the form of short instantaneous 
irts, as shown in the example of Table 17-7 and Fig. 17-3. As long as these 
irts are comparatively small in amplitude, an approximately continuous 
nand pattern may be assumed, and the average rate of demand may be 
yarded as a for application in formulae. 


Table 17-7 

Stock Record Card in the Tico-Bin System (an example) 


Item: ROTA Spindles Order Quantity: 1,200 

Spec. No.: 0375R6 Reorder Point: 800 

Safety Stock: 300 


Date 

In 

Out 

Balance 

On Order 

May 

31 

1,200 


1,200 

0 

June 

7 


100 

1,100 

0 


10 


250 

850 

0 


20 


100 

750 

1,200 

July 

1 


150 

600 

1,200 


6 


225 

375 

1,200 


10 

1,200 


1,575 

0 


16 


320 

1,255 

0 


26 


300 

955 

0 

Aug. 

8 


55 

900 

0 


10 


350 

550 

1,200 


15 


100 

450 

1,200 


20 


150 

300 

1,200 

Sept. 

5 


100 

200 

1,200 


10 

1,200 


1,400 

0 


22 


150 

1,250 

0 


30 


250 

1,000 

0 

Oct. 

10 


325 

675 

1,200 


18 


125 

550 

1,200 


Average demand in the first period, —-^ 21 /day. 

40 days 

Average demand in the second period — 23/day. 


[>rder range 

l discussion on criteria selection for optimal batch determination is included 
Chapter 10, and those remarks will generally apply here. The term production 
ge , which was introduced in Chapter 10, may be substituted by reorder 
ge. This range covers those batch sizes for which the total costs per unit will 
exceed a predetermined value (conveniently defined by the parameter p), 


Inventory Control 455 


and its upper and lower limits may be computed as those of the production range 
(except that now, again, a v — 0). The reorder range is an important concept in 
the formulation of an effective stock control system, as we shall see later on. 



June July August September October 

Figure 17-3. Random instantaneous icithdraicals from 
stock . (See Table 7) 


It should be noted here that the ratio u, introduced in Chapter 10, has a 
specific meaning in stock control. Previously u was defined as 

cQm 
u =- 

5 

where c is the constant cost per unit; hence the numerator denotes the value of 
the order when the minimum-cost batch size is specified, and u is the ratio of 
the order value to the cost of placing and dealing with an order. While the value 
per unit denoted on the order is c, the actual costs incurred per unit are higher, 
owing to the additional costs of placing orders and carrying stocks: 

Y = c + — + KQ 
so that the actual costs per order of Q m units are 

(r«)„ = «?„(! + ;) 

Some case studies in industry have shown that sometimes a comparatively large 
percentage of the total orders issued is for small sums of money, so that the ratio 
of the order value to the cost of issuing the order is comparatively small. The 
question arises whether it would not be wise to depart from the policy of speci¬ 
fying Q m for each item, but instead stipulate larger quantities per order so that 
the number of orders for these particular items w r ould be reduced. The maximum 
amount that can be allowed is obviously the upper limit of the reorder range, 
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since by definition it is undesirable to specify batch sizes outside this range; in 
this connection it is useful to bear in mind the following brief remarks: 

1. Items that are comparatively cheap may often enjoy a higher allowance p 
than expensive items, since larger deviations from the optimum in cheap items 
may first seem ominous percentage-wise (compared with their cost), but when 
compared with the stock value of all items, this increase may be negligible. In 
eases where the cost per item yaries widely, it is often worth while to analyze 
critically the policy laid down for p, and especially when it is a uniform policy 
to all items, it should be yiewed suspiciously. 

2. The increase of batch quantities of the cheaper items results in a reduction 
of the total number of orders placed. This number reduces drastically eyen 
further when cheaper items are put on a reorder cycle system, with several items 
included in one order from one yendor instead of a separate order per item. This 
is often accompanied by a change in the*cost of placing and dealing with an order. 
The total cost of placing, say X orders per annum, may sometimes be expressed 
as l\ — lyV. so that the cost per order is s = (JcJN) 4- This implies that by 
reducing the total number of orders N, the cost per order increases and the ratio 
u for all the items therefore decreases. We know, however, that as u decreases, 
the function of costs per unit becomes more sensitive to variations in batch sizes, 
and if p remains unchanged, the reorder range contracts. We must, then, do the 
following: 

(i) Recalculate the optimal batch sizes and the reorder ranges. 

(ii) Check whether the reorder quantities selected for the cheap items, which 
caused the reduction in the total number of orders, still comply with the 
new reorder ranges. 

3. Increase in the ordered batch sizes may result in quantity discounts, 
hence in reduction of the costs c. This may often offset any reduction in the 
value of u. caused by reducing the number of annual orders, and the analysis 
of this effect may proceed on the lines suggested in Chapter 11, where the 
question of price breaks was discussed. 


Q 


H- T 


(a) 


IQ 






- 4 Y 


—. I * 1 

«- T -H 



(b) 


Figure 17-4. Comparing the alternatives when Q units 
are required for an assembly line . (a) One order for Q 
units T days ahead of time . (b) Two orders for 40 units 
each . 



Inventory Control 457 


Effect of splitting an order 

There are cases involving instantaneous demand in which the number of 
orders per period has to be analyzed. Take as an example the supply of parts to 
an assembly line engaged on batch production. The parts are supplied to the 
stores, say, at the beginning of a period (Fig. 17-4). and the whole batch is issued 
to the line at the end of the period. Now. we know that it would be far cheaper 
to supply the batch to the stores not at the beginning of the period, but as near as 
possible to the end, and save in this way the carrying costs for the period. But 
sometimes this is impossible because of scheduling and other commitments. 
Supposing we are faced with the following problem: Under what circumstances 
is it worth our while to split the quantity Q if half of it can be supplied at a later 
date? At present we have one order for quantity Q. involving a cost of 

Vi — s + QCT 

cost of order, carrying 

setting up, etc. costs 

where C is the cost of holding one unit per day. If by the new arrangement the 
second batch is delivered after t days, the cost w’ould be 

y 2 = 2s + i QCT + J QC(T - t) 

The splitting of the batch is worth while when 

Vi >y 2 

or y 1 — y 2 = —s + hQCT — \QC(T — t) > 0 

o s 

or when t > — 

QC 

If orders for delivery beyond this value of t cannot be entertained, it would 
obviously not pay to have tw r o orders. 

Reorder Procedure 

The reorder procedure is evidently dependent on the stock control system in 
use, and we have seen that even modifications to any system, such as special 
measures to prevent excessive piling of stock, may have a marked effect on the 
methods adopted. Let us now r examine in some more detail this procedure in the 
two common stock control systems. 

Reorder point in the two-bin system 

If the consumption were constant and not subject to any fluctuations, and if 
the replenishment period w r ere fixed and reliable, the stock could be allowed 
to dwindle to zero and the new stock should be planned to come to the stores 
mly at that point (Fig. 17-5). If the lead time between the reorder point and 
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lenishment point is t 0 , the stock level at the reorder point is Q 0 , and the 
sumption rate is a; then 

<?o = (17-4) 

L Q 0 is the amount of stock in the second bin. 


1st bin 

Reorder 

level 

Reorder 
f point 

c 

\ Reorder 

i) point 

2nd bin 

to* 

o 

[\ 




l 



Figure 17-5. Reorder point in the tico-bin system . 


f, however, the demand forecast is a, with a possible maximum rate of 
+ £), the reorder point may have to be planned in such a manner as to 
w the new stock to arrive when the old stock reduces to zero at the maximum 
sumption rate. From Fig. 17-6 the reorder point is 

Qo — a t — a (i + 



Figure 17-6. Placing the reorder 
point ichen a higher rate of demand 
is expected . 


ining out of stock is avoided in this way. If in actual case the demand is only 
tie residual stock at the point of replenishment is 

q ' = t+p q o a 7 - 5 ) 

3 safety stock is caused by our being unable to ascertain the demand rate 
the replenishment time accurately. When the normal rate a and the normal 
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fienishment time t 0 occur, the safety stock has to be carried over to the next 
ele. The question is: What safety stock should be aimed at? This problem 
flowing an analysis of the loss function due to uncertainty) is discussed in the 
xt chapter. 


order procedure in the cycle system 

Different items in the group may have different consumption rates (Fig. 17—7), 
t if we want to prevent stock piling or too early depletion of stock, the length 
the consumption cycle must be the same. Hence, 


Qi Q2 Qs 

Cl 2 U 3 


(17-6) 


deh is the condition that we had in multiproduct batch schedu ling . We may 
srefore use the methods given in Chapter 14 to compute the length of the 
>rdering cycle and reorder batch sizes for each product. A reorder range may 
defined (in the same way as the production range) for each product, and 
oilarly, an economic reorder range may be defined. 



Figure 17-7. Reordering five items 
by the cycle system : the consump¬ 
tion period must be the same for 
all items; replenishment times are 
also equal in this example . 


In the solution for the multiproduct production schedule, the computed 
tch sizes had to pass two tests: (1) the p test, to ensure that the quantity is 
thin the defined range, and (2) the cycle test, to ensure that the required 
ledule may be matched by the capacity of the plant. In the case of stock 
ntrol the solution has to pass only the p test. If it does, the solution is aecept- 
le. If it does not, we may do either of two things: 

1. Take out from the group those items that do not conform to the p test; in 
ler words, the division of the stores into groups is mainly guided by the 
inciple of having products of similar characteristics, so that each group is 
lered every cycle and all the products are included in the order. 
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2. Introduce shorter and longer cycles in addition to the basic reordering 
he. In this wav products whose respective computed batch sizes are higher 
m the upper limits of the reorder ranges could be ordered more frequently by 
riding each batch into two or more sub-batches. When the time for reordering 
the group comes, these products are ordered alongside the others but only at 
luced quantities, and during the cycle period another date for reordering is 
ed just for these products. The length of this short cycle depends on the 
mber of sub-batches in the computed batch size. If the batch size is divided 
;o two (and in many cases this is adequate), the short cycle will be half the 
sic reordering cycle. 

On the other hand, products whose computed batch sizes are below the re¬ 
active lower limits of the reorder ranges could be ordered every second cycle, 
that the ordered quantities (which are brought in this way within the range 
lits) would satisfy the demand for two cycles. The long cycle would therefore 
ve a duration of two ordinary cycles. To summarize, the group is divided into 
ree subgroups A, J5, and C. and the reordering procedure is as follows: 

Short cycle: order subgroup -4 

Basic cycle: order subgroups A , B 

Long cycle: order subgroups A, C 



Figure 17—S. Reordering cycle ichen replenishment periods 
are not equal but consumption periods are still the same 
(T 1 = T 2 =T 3 ). 


Another complication arising from the reordering cycle is that the replenish- 
nt time should be the same for all products if the new stocks are to arrive 
the same time, as in Fig. 17-7. This would sometimes be the case wdien the 
ole group is supplied by the same vendor. Very often, however, replenishment 
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times differ, so that the individual stock level curves are displaced in time, as 
shown in Fig. 17-8. The consumption periods remain equal: T 1 — To = 

At the reorder point 

$01 — <Moi; $02 = ^ 2^02 > etc. 

and these quantities may be used for control purposes in order to check and 
adjust time displacements. 


Effect of Uncertainty 

It was remarked above that when all the factors governing the behavior of 
the system could be accurately determined, there would be no need to plan for 
a safety stock at all. The purpose of the safety stock is to guard against un¬ 
certainty; first the uncertainty caused by variations in the rate of consumption, 
and secondly the uncertainty in assessing the replenishment time. At a certain 
point on the consumption curve a decision regarding replenishment has to be 
made. This is a typical situation in the two-bin system. A prediction regarding 
the consumption trend has to be made on the basis of past data and any avail¬ 
able information on possible changes in demand in the comparatively near 
future. This “prediction point,” as it may be called, should not be selected too 
far down in the consumption curve, lest not enough time is left for replenishment 
of stock. 



(a) 



Figure 17-9. Tiro possible outcomes of uncertainty in continuous demand. 

(a) Rate of demand has been overestimated. 

Result: Stock residual Q i at end of cycle. 

(b) Rate of demand has been underestimated. 

Result: Demand for Q 2 units cannot be met. 


What is the effect, or the cost, of uncertainty? Figure 17-9a describes a 
situation in which the rate of consumption is overestimated. At point 1, the pre¬ 
diction point, the consumption rate a is predicted, so that the stock is expected 
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bo deplete at point 2. The actual rate, however, is smaller, [a 1 = <z(l — /?)], 
ind the stock is really depleted at point 3 (t days after the prediction point), 
so that a residual stock Q x has to be carried to the next cycle. Since 

Q = at = 

the residual stock is 

Q 1 = Q t ^ = Q^ -£) = PQ 

[f the cost of carrying a unit in stock is c x per day, the cost of carrying Q ± units 
for the next cycle, whose length is T, is 

Vx = miT (17-7) 

Suppose now that the rate of consumption is underestimated (Fig. 17-9b) and 
hat the actual rate is a 2 = a( 1 + j8), where a is the forecast rate. The stock is 
actually depleted at point 4 (t 2 days after the prediction point), but since pro¬ 
vision is made for the new stock to arrive at point 2, we are not able to satisfy 
iemand for a period t — t 2 . This means that in the case of continuous demand, a 
stock of Q 2 cannot be supplied. From Fig. 17—9b: 

^ — at —— CLqiti) 

md Q« = Q =Q(j-lj= pQ 

Ihere is a penalty attached to being unable to satisfy demand, but we should 
perhaps distinguish between two situations, insufficient supply to customers and 
insufficient supply to the assembly line. 

Situation a: Insufficient supply to customers 

When we supply to outside customers, we may try in most cases to assign a 
lat penalty rate for each unit that we are unable to'supply. This penalty includes 
he loss of profit for sales that are not concluded and the loss of good will of the 
justomers. The first loss is easily established, provided we know r that the custo- 
ner has decided not to wait until new stock arrives, but goes and buys elsewhere. 
Che loss of good will is not that easily determined quantitatively. One customer 
nay perhaps be only slightly disappointed at not getting proper service; 
mother may be utterly disgusted and leave for good, or perhaps even take his 
>rders for other products elsewhere. 

There is also the factor of accumulated displeasure. A customer may be 
)repared to put up with bad service once or twice, but no more. It is evident that 
borough and painstaking customer surveys may have to be carried out in order 
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etermine these factors. If the penalty for not meeting demand is denoted by 
er each unit that cannot be supplied, the cost is 

y\ = PQc' 2 (17-8) 

ation b: Insufficient supply to assembly line 

^hen the supply to an assembly line must be continuous but we suddenly 
out of stock, the assembly may be held up. Men, machines, and parts may be 
b idle until supply is resumed. In some such cases the penalty may be ex- 
sed as c" 2 per unit for each day that demand cannot be met. Under these 
Limstances the penalty is 


y* 2 = \Q&"S — h) 



l p 


21 + p 


Qc ' 2 t 


(17-9) 


he above expressions lead to the following obvious conclusions: First, the 
ler the prediction point on the stock depletion curve, the higher is the cost of 
srtainty. Secondly, this cost increases with the actual deviation from the 
easted value of the consumption rate. 

iparison of replenishment policies 

1 many cases the predicted consumption rate is expressed in the form of an 
rage expected value and an assessment of variations that may occur, 
pose we forecast a consumption rate of a(l 4- £), when the rate is expected 
ill between the two extreme limits within a certain known confidence level. 

99 per cent. This means that only in 1 per cent of the cases would the rate of 
sumption be expected to fall out of this range. When 1 per cent is considered 
e too high, wider limits at a higher confidence level should be chosen. What 
enishment policy should be adopted ? 

igure 17-10 shows this situation as viewed from the prediction point. The 
er limit of the consumption rate is a 2 = a(l + 8); the lower limit, 
= a(l — p). Let us examine three replenishment policies: optimistic, realistic, 
pessimistic. 

2 “optimistic” policy (I) 

ccording to this policy we play safe, i.e., we plan for a situation where the 
dmum consumption rate occurs, and since we do not want to run out of stock, 
enishment is planned to take place in t 2 days’ time. The average consumption 
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Figure 17-10. Analysis of three replenishtneyit policies. 

rate expected is a. so that on the average a stock Q 2 is expected to remain un- 
eonsnmed when the new batch arrives: 

Q 2 t —1. 2 a 2 — a 

Q t a 2 l ~r ft 

The cost of this policy, when q is the cost of carrying one unit in stock per day, is 

Vi = Q&T = - 4-5 Q*xT ( 17 - 10 ) 

1 f P 

The "realistic" policy (II) 

Here we plan to replenish after t days, i.e.. we take the expected average 
consumption rate as a guiding criterion. If the distribution of expected rates is 
symmetrical about the mean value a, the chances that the rate will be above or 
below the mean are 50:50. When the rate is below a, it will on the average be 

a i = Po) 

where p o < p, so that Q\ units have to be carried in stock (and Q\ — PqQ), the 
cost being 

The factor i is introduced because consumption is expected to be below the 
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rage for 50 per cent of the time. When the rate exceeds a, it will on the average 

a '2 = ff(l ~r A,) 

> Q'o = /3 0 $ cannot be supplied. The cost of this occurrence in situation a 
flat penalty rate per unit) is 

irftoQc 2 , 

. in situation 6 (i.e., penalty cost is per unit per day), 

i fioQc '?(t 1 2 ) 

ice, the total cost of this policy is expected to be: 

'or situation a: y Ua = 4- c'. 2 ) (17-11) 

or situation b: yn b = hP 0 Q[CiT -f bc" 2 (t — f 2 )] (17-12) 


? u pessimistic ?? policy (III) 

[ere we take a dim view of life and plan for replenishment at the lowest 
h i.e., in t 1 days’ time. This policy definitely leads to running out of stock, 
within the confidence limits, no stock has to be carried to the next cycle, 
average expected consumption is a and on the average the demand that 
not be met is 


Qi = Q 


h-t 


i-P 


Q 


the cost of this policy is 


or situation a: 


or situation b: 


l/nia = 


p 

i-p 


QC 2 



(17-13) 


(17-14) 


T hich of these policies is preferable? It seems that it pays to be optimistic 
er than pessimistic, as normally policy I is cheaper. 

or situation a: yi c x T 1 — /? ^ 

Villa c'2 1 -r P 


<1 <i 
(usually) 
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For situation b: 


yuib P i 4- P 

_ Cl T(i + (i - pr 

lc"4P (1 + P) 2 


<i <i 

(usually) 


similarly, the realistic policy is preferable to the pessimistic one. 


For situation a: ——= — (1 — fi) — f 1 -j- 1 

ym a P 2 \ c'J 


1 -j3< 1 




For situation 6: BlL = M+ && ~ ^ 
yin& J3 2 c"^ 

= Po(± Z Jl [l±i CjT l l + pt-Vj ] 

P l+p L P c\J -2 p t J 

3 

because — < 1 

4 ?<> 

1 + £ c^T 1 

£ C ' 2 e ' 2 

1 1 + f t-g, _! ! + /? jS 0 1 jB 0 + fl8 0 1 

2 ^ f 2 iS 1 + JJ 0 2 j8 + j8/5 0 < 2 

bmparison of policies I and II is inconclusive. 


Situation a: 


■Vila _ P 0 (CiT -f c' 2 ) 

yi 08/(1 +/J)^ 


= (1 + ft 


1 A , £j 

£ 2 V ^ 0,5 


>1 


<1 
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Situation b: -— 
Vi 


Wc x T+ lc\(t-t\)} 


. im + mo.T 

<l + «ti( 1 + i3rfs) 

P P *\ + 2 Cl Tl+M+ Wj 


<1 


<1 


The value of c' 2 /c\ 9 c'^t/^T is important here. If these ratios have a high 
enough value to offset the fraction ft 0 /ft, policy I would be cheaper. In marginal 
cases the distribution of expected consumption rates may also affect the issue. 


Example 1 

For situation a the cost ratio c\jc x T = 10.0, and the consumption rate is 
forecast with tolerances of ±20 per cent. Compare the costs of policies I, II, and 
III as indicated in Fig. 17-10, when the distribution of expected consumption 
rates is (1) normal, (2) rectangular. 


Solution 

We have ft — 0.2. Comparing I and III: 


?/i __ <hT 1 — ft 
Vm 1 + ft 


hn-™ 


Comparing II and III: 


m = Po n 

yin P 



P 2 • 


0.44 — 

P 


1. When the distribution is normal, the average value of all the consumption 
rates above a is given by (as shown in the next chapter) 


o 9co 9 o 

P ° ” ^00 - O 0 

Substitute: = 0; — 1.0; = 0*50 

From the Appendix table: <p 0 = 0.399 0.40 


Po 


0.40 

0.50 


= 0.8 


1 This example may be deleted in first reading. 
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and 


ft 

J8 


08 

34 ) 


0.27 


(Note: is taken as 3.0 for +3(7 confidence limits; i.e., when in 99.7 per cent of 
the cases the consumption rate is expected to fall within the forecast range.) 

Therefore 


= 0.44 x 0.27 = 0.119 

mu 

2. When the distribution is rectangular, the average value of the consumption 
rates above a is 4j8, or 2 

ft = 1 

£ 2 

= 0.44 x 0.5 = 0.220 

gin 


Comparing I and II: 

1. 

2 . 


yi 

yu 

tn 

yu 


yilym __ 
ynlyin 0.119 


0.067 

CL220 


= 0.65 


Hence, policy I is by far the best to choose in this case. 

This analysis merely compares three specific policies; it does not tell us which 
is the optimum policy, which might he between I and H. The problem of deter¬ 
mining the optimal reorder quantity in the case of uncertainty is discussed in 
the next chapter. 

Summary 

When the mechanism of supply differs from that of demand, a buffer stock is 
required. It should include a safety stock to guard against any adverse effects of 
uncertainties attached to the rate of supply, to the rate of demand, to lag time 
in ordering, to price fluctuations of materials, etc. Briefly, the inventory problem 
is: How much to order and when to order, so as to optimize the effectiveness of 
the store? If supply and demand are linked together in several stages, the output 
of one constituting the input to another (as in a production line or in channels of 
distribution), i.e., any demand variation for finished goods at the end of the 
line, triggers off a chain reaction, and the effect is amplified as the wave travels 
along the line. These effects can be damped by selection of an appropriate per¬ 
centage of safety stock, by proper directives in the stock control system as to 
how to react in cases of fluctuations (often effective in a centralized control 
system), and (obviously) by reduction of the number of links in the chain. 


2 This is the highest value this fraction can attain with a uni-modal symmetrical 
distribution. 
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Stock control systems are the tools through which the inventory policies are 
exercised, and some of the common systems in use (two-bin, reorder cycle, 
oinbinations of the two) and their reorder procedures are described in this 
hapter. The optimal reorder batch size and some preliminary considerations of 
he effects of uncertainties are also analyzed. 
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Problems 

1. Show from Eq. 17-1 that 

and comment on the conclusions that may be drawn from this relation. 

2. It was shown through Eq. 17-1 that the smaller the safety stock, the smaller 

the effects along the production line, but from Tables 17-4 and 17-5 it would 
seem that with larger safety stocks, the effects can be damped. How do you 
explain this apparent contradiction? 

3. With an initial line output of Q per period and a demand impulse denoted by x, 

find an expression for the required output at the nth stage with safety stock 
policy r under situations described by Tables 17-5 and 17-6. 

1. A production line has three stages, apart from the final assembly center, and 
the inventory policy requires that safety stock be 50 per cent of the eventual 
output at each stage, as suggested in Table 17-6. The initial line output is 
100 units per period, the subsequent changes in demand being as follows: 


Period 

U nits 

1 

100 

2-3 

110 

4 

100 

5 

no 

6 

90 

7-10 

100 


If the maximum output capacity at each stage cannot be raised above 125 
imits per period, construct a table and then plot the fluctuations in demand, 
outputs, and safety stocks at each stage. Comment on the safety stock 
policy, assuming that fluctuations of demand for the final product range 
between 90 and 110 imits per period. 


On 

Q 


> 1 
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5. Summarize the effects of a demand impulse of the end product on the production 

line and indicate in what ways these effects can be reduced. When this chain 
reaction phenomenon recurs owing to several stages in the distribution 
channels, how can management control the situation? 

6. An investigation in a firm showed that a considerable number of items were 

ordered 25 per cent in excess of the minimum-cost batch size. The financial 
manager said it was a disastrous situation, as the cost per unit increased 
thereby by 25 per cent and the firm could not face the severe competition in 
the market. The store superintendent claimed that, since the stock control 
was based on the two-bin system, it was virtually impossible to reduce the 
size of the ordered batches without drastic changes in the control system. 
He suggested that these changes would cost far more than the anticipated 
saving. Furthermore he thought the estimate given by the financial manager 
about, the excessive costs per unit was exaggerated. What comments can you 
offer? 

7. Demand from a general store for a certain item fluctuated between 4,000 and 

8,000 units per week, and data for accumulated demand in the past is sum¬ 
marized in the following table: 

Demand above 4,000 units per week 100° o of the time 

4.500 90% 

5,000 79% 

5.500 64% 

6,000 50% 

6.500 22% 

7,000 8% 

7.500 3° 0 

8,000 0% 

The cost per unit may be adequately expressed by 

r = 0.80 4- 360 Q- 1 4- 10 -SQ dollars 

where Q is the ordered batch size, which has so far been 6,000 units per week. 
Since there have been so many complaints that the store is running out of 
stock far too often, management has decided to reviews the situation. What 
batch size w'ould you recommend if the following restrictions are to be 
satisfied: 

(i) The cost per unit should not exceed the minimum possible costs by 
more than 0.5 per cent. 

(ii) Level of satisfaction should not be below 7 90 per cent (i.e., in 90 per 
cent of the cases demand can be met). 

(iii) The maximum capacity of the store is 7,500 units. 

8. A stock control system has the following features: There are ten products in 

the store and, by present practice, three months’ supply of each product is 
ordered when the quantity on hand of that product reaches the reorder 
point. The demand is fairly uniform, with no seasonal fluctuations, so that 
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four orders per year are required for each product. Data are given in the 
accompanying table. 

Data on the Products 


Product No. 

Annual Usage 

Order Size 

Average Inventory' 

1 

$ 2,000 

$ 500 

$ 300 

2 

$ 3,000 

$ 750 

$ 450 

3 

$ 5,000 

$ 1,250 

$ 750 

4 

$ 6,000 

$ 1,500 

$ 900 

5 

$ 20,000 

$ 5,000 

$ 3,000 

6 

$ 28,000 

$ 7,000 

$ 4,200 

7 

$ 30,000 

$ 7,500 

$ 4,500 

8 

$ 45,000 

$ 11,250 

$ 6,750 

9 

$ 48,000 

$ 12,000 

$ 7,200 

10 

$ 80,000 

$ 20,000 

$ 12,000 


* Average inventory is based on the policy that, at replenishment point, a safety stock 
10 per cent of the order quantity is held. 

The cost of one order is $5.00 and interest charges are 12 per cent. 

(i) Is this a two-bin or a reordering cycle system? Why? 

(ii) What recommendations for changes in this system would you make? 

(iii) If management decides to have a reordering cycle system, explain how 

the theory of multiproduct scheduling for maximum return could be 
used for this control system. 

A store has 10,000 items, and replenishment is based on the two-bin system 
aiming at minimum costs per unit. On the average, each item is ordered five 
times a year, and the total cost of placing orders amounts to $50,000 a year. 
We may assume that the cost per order is the same for all items. Furthermore 
the history of the firm in recent years suggests that the total annual costs of 
placing orders follows approximately the linear expression 18,000 -f 0.8 N 
dollars, where N is the total number of orders per annum. A breakdown of 
the orders by value of goods is given in the accompanying table. 

Class 1: each of 20% of the orders is for less than $10 worth of merchandise 
Class 2: each of 38% of the orders is for $10 20 worth of merchandise 

Class 3: each of 14% of the orders is for $20 -r- 50 worth of merc h andise 

Class 4: each of 10% of the orders is for $50 -f- 100 worth of merch an dise 

Class 5: each of 10% of the orders is for $100 -s- 500 worth of merchandise 

Class 6: the remainder of the orders is for more than $500 each 

Comment on the reorder system used at present and suggest in what ways 
it can be improved. What further data would you require and how would 
you use the data to determine what modifications should be recommended? 

A repair garage, specializing in a limited number of makes, maintains a spare- 
parts store, which is designed to supply the immediate requirements of the 
various departments. Repairs are generally classified in three categories: 

Class 1: repairs amounting to less than 2 hours work 
Class 2: repairs amounting to between 2 and 12 hours work 
Class 3: repairs amounting to more than 12 hours 
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It is the policy of the garage management to finish each job as soon as possible 
so that the automobile owner does not have to wait too long, and this policy 
was formulated as follows: 

Automobiles belonging to class 1: should be ready within 4 hours of their 

entry to the garage 
class 2: within 2 days 
class 3: usually within 1 to 5 days 

As orders for these spares normally require a lag time of about 24 hours, it 
has been often found necessary to send somebody on a special errand to get 
parts when classes 1 and 2 repairs are involved. Explain in detail what data 
you would look for in order to analyze the situation, and suggest a suitable 
stock control system. 

If the annual consumption of a commodity is A and the cost of placing an 
order is 

s — kn 

where ?i stands for the number of orders per year, and k is a constant, show 
that the optimal reorder batch for minimum costs per piece is given by 



If the allowable increase in costs per unit is given as 



find an expression for gasa function of u and £. 

A stock of Q components must be available at a certain date for the assembly 
line. The available procurement period is T days before the dead line. There 
are three alternatives for building up this stock: 

(i) Getting the whole batch of Q components into the store T days before 
the dead line 

(ii) Getting half the batch at — T days and half the batch at — days. 

(iii) Splitting the batch into three and getting each lot at — T days, 
— IT days, and —IT days. 

Find the cheapest method by comparing the costs incurred by each method, 
when the total carrying costs per piece in the store are C per day. 

In the preceding problem, the vendor is prepared to deliver half the order at 
— T days and split the rest into equal quantities, spread evenly during the 
period —IT to 0. 

Find the cheapest method for the stores by splitting the batch into n lots, 
and draw characteristic curves to which the purchasing department can refer 
on future similar occasions. 
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5. A certain component is used for an assembly line and is ordered so that Q units 

are held in stock T days before assembly begins. The safety stock Q 0 is 20 per 
cent of Q , and it was specified by the chief production engineer that on no 
account should the stock during the period —T to 0 be below Q 0 . 

(i) After reviewing this situation, an industrial engineer has suggested 
that if only Q 0 were received at — T and the balance at a later date, 
he could achieve a substantial saving in costs, in spite of the additional 
setup costs involved. He claims that this saving amounts to 60 per 
cent of the present carrying costs. Can you substantiate this statement? 

(ii) The industrial engineer has been told that his plan is not practical 
because it is impossible to get the second lot at the time he has speci¬ 
fied. However, the management thinks highly of his scheme and 
should like him to state a limiting situation at which the second lot 
does not lead to a loss, as well as plot a curve showing the saving as a 
function of time between the limiting situation and the best one. Can 
you comply with this request? 

6. A stock Q is required for the assembly line in T days’ time. Two schemes are 

suggested: (a) order and receive Q immediately so that Q units will be held in 
stock for T days and then issued to the shop; (b) order the quantity Q in n 
equal batches to be received every Tin days, the first batch to be received 
immediately; each order incurs a cost s. 

(i) When is scheme (a) less costly? 

(ii) For what value of n does the changeover from scheme (a) to scheme (b) 
yield the maximum saving? If this optimal n does not happen to be a 
whole number, how would you decide which of the two neighboring 
whole numbers to select? 




18 ' 

SOME FURTHER CONSIDERATIONS 
OF QUANTITY CONTROL 


It was pointed out in the last chapter that quantity control of inventories 
requires detailed study in view of the many uncertainties involved. There may be 
random variations in the consumption rate and in the time required for replenish¬ 
ment, and combinations of these factors alone may cause serious deviations of 
the stock at the point of replenishment from the anticipated level. The ordered 
batch may also be subjected to variations in size: One quantity may be ordered 
and another one actually received, the discrepancy being due either to mistakes 
or disturbances at the vendor’s depot or to rejection of products by quality 
inspection. 

In the midst of these uncertainties, we want to try to outline a policy for 
controlling the level of stocks; we want to specify how much to order and when 
to order; and we want our policy to yield optimum results as judged by the 
criterion through which we measure the effectiveness of our performance. 
Hi chard Bellman summarized the inventory problem very aptly: 

We possess various quantities of different items for which there is a demand of 
stochastic nature from time to time. Since there is a penalty of some type attached 
to not being able to satisfy this demand, at various stages additional quantities of 
these items are ordered, at costs dependent upon types and quantities ordered, the 
times of ordering, the rate of delivery desired, and other factors as well. The problem 
is to determine the ordering policies which are optimal with respect to pre-assigned 
measures of efficiency. 2 

In quantity control of raw materials, components, and semifinished products, 
we normally wish to minimize the cost of holding inventories. In stock control of 
finished products for sale, w T e often select maximization of profit as our yardstick. 

First, we have to study the distribution of variables that affect the inventory 
control system and express in a probabilistic form our expectations of the be¬ 
havior of the system. We can then try to build an inventory model and proceed 

1 This chapter may be omitted on first reading. 

2 Management Science, October, 1958, p. 139. 

475 
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) find the value of the variables at the point of optimum. This model need not 
lways be a mathematical one. The number of variables is sometimes too large 
nd the distribution too awkward to be easily expressed in simple algebraic 
)rms, so that simulation methods may become preferable. 

In the absence of a general all-purpose inventory model, we shall first analyze 
wo models: one for continuous demand and the other for instantaneous demand 
'hen the form of the demand distribution is not specified. We shall then proceed 
3 examine the special case of stocking perishable goods for a normal distribu- 
ion and some aspects of apportioning problems. 

Mathematical Comments on Notations and Derivations 
Before we proceed with the analysis of the loss function, it would be useful at 
his stage to introduce several notations. If /(D) is the probability density 
inction of demand, then the probability that a quantity up to Q will be required 


J o Q /(Z>) dD=F (18-1) 

he total cumulative probability of demand is 

£f(D)dD = 1 (18-2) 

herefore the probability of demand for quantity D when D > Q is 

J“/(Z>) dD = J["/(D) dD - \*f{D) dD = 1 — F (18-3) 

Another function we shall encounter is 

rt^ldD^F 1 (18-4) 

Jq P 

in expression describing the first moment of the distribution function is 

Df(D) dD = F 2 (18-5) 

[fie mean value D of the distribution is given by the definition 

£° Df(D) dD = T) (18-6) 

fence Df(D) dD = D - F t (18-7) 

* Q 


The following derivations are given without proof, which may be sought in 
uitable texts on calculus: 

^ \ b f(x)dx = f(b) 
do Ja 


(18-8) 
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± [fix) dx = -± [f(x) dx = -fib) (1S-9) 

~ \ b xf(x) dx = bf(b) (18-10) 

CIO Ja 

~ f bf (x) dx = \ b f(x) dx 4- bf(b) (18-11) 

CIO Ja Ja 

lb f dX = 2b \a f{X) dX ~ b '- (b ^ (IS—12) 


The Cost of Uncertainty for Continuous Demand 
Suppose we have continuous demand and we start with a stock Q (see Fig. 
IS—1). It is planned to replenish the stock after a period T. The demand is D. 
with a probability density function/(D). When D <Q. a stock Q — D i s left 





Figure 1S-I. Stock patterns in continuous 

demand - 


Dver to be carried during tbe next cycle at a cost of per unit per day. The 
average stock during the cycle is Q - J2>; hence the carrying cost for the case 

D ^ Q is 

[ ^(Q - ID) Tf(D) dD 
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Situation a 

When D > Q, the number of units that cannot be supplied is D — Q t and the 
penalty for each unit is c' 2 . The average stock during the time t is \Q. The cost 
for D > Q is 


JT [<h 11 1 + c\(D - <?)J/(D) dD 
JT [<h ^ T + c\(D - C)] /(D) dD 


when t/T = QjD is substituted. The total cost function is, therefore, 


= c ' r I 


g (Q - ID) m dD + Cl T 'P° 91 /(D) dD 


f”(D-<?)/(D) dD 


(18-13) 


c /*« 

0 2 JO 


i /*« 


Qf(D)dD-- ei D/(D)dD-fi 


i r°e 2 


/(D) dD 


+ Df (D) dD — Qf(D)dD 


(18-14) 


where 


The quantity that should be ordered to minimize costs corresponds to dCjdQ = 0. 
Hence 


\ Q f(D) dD + e x Qf(Q) - p x Qf(Q) + e x Q j 


°m dD -i eiQ ,m 

D 2 Q 


Qf(Q) — /(D) dD+ <?/(<?) = 0 


e x F + e 1 QF 1 -(l-F) = 0 
n _l -F- ei F 


(18-15) 


Situatio?i b 

If the penalty per unit is c" 2 per unit per day, the cost incurred when D > Q is 
jT° |\|1 + c% 9^9 (T - f)J/(D) dD 


r*r < 

Jq L - 


T + c% - g)2 t 1/(D) dD 
2 D 2D J 
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Che total cost function in this situation is, therefore, 

0 = ClT lo (Q ~ 5 D)f{D) dD + c i T |" 5 f(D) dD 

+ C "* T \^ dD (18-16) 

['his cost is a minimum when dCldQ = 0. If now 


ve get for dCjdQ = 0: 
Q 


Cry 


jr /(D) dD + toQf(Q) - ^/(f?) + €»Qp f JB-dD - b»<?/(<?) 

S " 

- Iq/(Q) - Jr,/(D) rfD + <?/(<?) + $ dD 


=1 -F 


=F 1 


- jQfiQ) = 0 


e 2 F + € 2 QF 1 - (I - F) 4- QF T = 3 
1 - F - e«F 


Q 


Fill -r e 2 ) 


(IS—IT) 


*rofit maximization as a criterion for reorder quantity 

The foregoing discussion of the loss function was detached from the criterion 
f profit. This is a common situation in stores of a manufacturing enterprise 
here the main consideration is satisfaction of the demand by the production 
enters. It costs to keep goods in the stores and (figuratively speaking) it costs 
ot to keep goods in the stores, when we are in some way penalized for failing 
) meet demand. The question that we have dealt with was: What costs more 
nd how can the total cost function be minimized ? Under such circumstances, 
rofit is not really involved because it is virtually impossible in most eases to 
btach a profit tag to each component that moves toward the assembly line, 
be question of profit or loss becomes a real issue for the product that has to be 
fid to customers. If the product is sold during the cycle, a certain profit is 
;aiized (say, 2 per unit), but we still have to bear the carrying costs and the 
malty costs when we run out of stock. The total profit is 

2 = 1* zDf(D) dD + j£° zQf(D) dD-C {18 -18) 

Profit for D Profit for Q Cost of 

units when units when uncertainty 

J}<Q B>Q (see above) 
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or maximum profit: 


= zQf(Q) 


f(D) dD — Qf(Q) 


1 __dC 

J dQ 


r, for situation a. 


nd for situation 6, 


diere, for situation a , 


nd for situation b. 




d(C/c' 2 ) 


= £(1 - F) 


d{GjclT) 


= «1 - F) 




(18-19) 


(18-20) 


\y substituting dCjdQ from the foregoing analysis, we get for situation a: 


F + € X QF X - (1 - F) = £(1 - J) 
n _ (1 - • F )( 1 + 0 - ^ 


(18-21) 


?his is a similar expression to Eq. 18-15, which may be considered as a special 
ase of Eq. 18-21 when 4 = 0. It is interesting to note that the reorder quantity 
u this case is higher than the one obtained by Eq. 18-15; also that the criterion 
•f minimum costs is not synonymous with that of maximum profit. 

Under conditions of situation b, where the penalty is expressed in the form of 
" 2 per unit per day, the appropriate value of dC/dQ has to be substituted, yielding 

€ 2 E + e 2 gE x - (1 -F) + QF X = £(1 - F) 

,r Q = ^ ~ Hi T Si ~ e *- F (18-22) 

F i(l + <= 2 ) 

To summarize, the reorder quantity for continuous demand under the con- 
itions described above is 


(1 - F)( 1 + £) - AF 


(18-23) 
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and the coefficients A, B are given in the accompanying table. 


Criterion 

Situation a* 

Situation b* 

Minimize cost due to £ = 0 

\ 


uncertainty 


_4 — € ± 

Maximize profit £ > 0 

/ A B — € i 

B = 1 j- € 2 

in case of uncertainty 

J 


* Situation a : fiat penalty cost per unit that cannot be supplied. 
Situation b: penalty cost for stock run-out is per unit per day. 


Combinations of situations a and b 

In some situations in practice the penalty for not meeting demand may not be 
adequately described by either definitions a or &. When supply stops, immediate 
loss may be incurred owing to stoppage of machines or assembly lines, but some 
accumulative loss may also result for every day of stoppage. The cost per unit 
that we fail to supply may then be expressed as 


c' 2 4- 10*4* 


(18-24) 


Where t" stands for the number of days in which demand cannot be satisfied. 
The total expected profit is given by Eq. 18-18. and for maximum profit 
by Eq. 18-19: 

%-*-» 

where 

c = c^T^Qf(D) dD - \ Q Q Df(D) dD - dD 

+ f X c 2 (D - Q)f(D) dD 
JQ 

After dividing by c' 2 + we get 

g _ C/(c , 2 + cVQ] = £ f + eQF t — -{1 - F) - -U - F) -~QF 1 


dQ 


where 


CiT 


c\ + c\T 
c^T 


) ( 18 - 2 o) 


u 2 

€ — — 

2 ~ r' 

C 2 


SO that (ejej) + (e/e 2 ) = 1. 
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F we now denote 


len 


c 2 ~t~ 

eF + 1 + ~ (! ~ F ) = « x - F ) 


(18-26) 


n _ (1 ~ **)(! tStZll 
'Fill + (l/«t)] 


(18-27) 


his is the general solution, incorporating situations a and 6 and the criteria for 
dmmization of costs (in which, case £ = 0) or maximization of profit. If situa- 
on a applies, we put e 2 — * go, then e = € 1 and expressions 18-15 and 18-21 are 
btained. If situation b applies, we have ej—>oc, so that e = e 2 and expressions 
3-17 and 18-22 are obtained. 


Cost of Uncertainty for Instantaneous Demand 
In discrete or instantaneous demand a quantity I) is withdrawn from the 
iore at one time, as illustrated in Fig. 18—2. We assume here that the cycle 


Stock left-over 


’ Stock run-out 


Q 


T 

D 

1 Q 


Q-D 


D-Q 


Figure 18 - 2 . Instantaneous demand - 


sgins with a batch Q and that stock is replenished every T days. The proba- 
ility density function for demand is /(D) and the quantity D is withdrawn only 
ice during the cycle, after t days from the beginning of the cycle, t being a 
ndom variable. 

ost function 

The cost function for situations a and b is given below. 
tuation a 

For Q > D, carrying Q units in stock for first t days: 

j£Wp) dD 
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Carrying the residual: 

{Q - D^T -t)f(D)dD 
For Q < jD, carrying Q units in stock for first t days: 

£W(i>) dD 

Penalty for not supplying D — Q units: 

J”(D -Q)c'J(D) dD 

The total cost is, therefore, 

7 = Q Cl t[j°f(D) dD + J“/(D) dD] + Cl (T - t) [^Qf(D) dD 
= 1 

-J° Df(D) <ZD]+ c' 2 [J“ D/(D) dD - j*Qf(D) dD] 

^ = cj + c x {T - t)^F + Qf(Q) - <?/«?) J - c' 2 [ - Qf(Q) 
- (1 - F) + Q/(©J = 0 

Dr cj + Fc x (T -t)~ c',( 1 -F) = 0 

Substitute €* = c 1 Tjc r 2 and r = tjT: 

€l r + 6^(1 - r) — (1 — F) = 0 



Situation b 

<7 = + Cj(r - f)[ f G Qf(D) dD - j G Df(D) dD] 

+ c' 2 <T -i) [ Df(D) dD - \*Qf(D) dD] 


For dGjdQ = 0: 

V + (1 - t)[c^ - (1 - F)] = 0 


where now « 2 = c 1 /c" 2 . Therefore 


F = 


1 - (1 + 

1 — (1 + + e 2 


(18-2S) 


(1S-29) 


(18-30) 


(18-31) 
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Criterion of profit 

If the criterion of profit is adopted in the case of discrete demand, the total 
profit is given by Eq. 18-18, which is maximum when 


dC 

dQ 


= s(l - F) 


Situation a 
Substitute 

and 

Hence 


d(C/c' 2 ) 

dQ 


= V + H F{ 1 r) (1 F) 


c 2 


F = 


1 + i — V 


1 + l ~ «iT + €i 

which includes Eq. 18-29 as a special case when £ = 0. 


(18-32) 


Situation b 
Substitute 


Hence 


p _ 1t?-t( 1+ € g ) 

l + £ — t (1 + € 2 ) + € 2 


(18-33). 


In the general case, when the penalty for not meeting demand is expressed in 
the form c 2 = c' 2 + per unit, the solution for the optimal batch size can be 

shown to be at 


1 + £ - cr[l + (l/g 2 )] 

1 ~ - €t[ 1 -r (l/€ 2 )] + e 


(18-34) 


where the definitions of e, e 2 are given by Eq. 18-25. As in the case of continuous 
demand, the general solution includes as special cases the optimal batches for 
the minimum-cost and the maximum-profit criteria; namely, the solutions given 
by Eqs. 18-29, 18-31, 18-32, and 18-33. 


Stocking of Perishables 

Stocking and replenishment of perishables, when the reordering cycle is used, 
confront us with some special problems. At the beginning of a period the store is 
stocked to a certain level, and during this period consumption takes place. If 
we run out of stock before the end of the period, any subsequent demand in that 
period can obviously not be satisfied. If we stock too much, we run the risk of 
having a residue in stock at the end of the period. This residue may in some 
situations be a total loss; for instance, in such cases as newspapers, journals, 
foodstuffs, certain chemicals, pharmaceutical goods, and photographic materials. 
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These products are perishables. They carry their full value throughout the cycle 
but become virtually worthless beyond a certain dead line. Some products lose 
a substantial part of, but not all, their value when they are carried over the 
dead line. These may be termed semiperishables. Certain kinds of books, style 
goods, consumer goods, such as household appliances and automobiles, some¬ 
times spare parts—all these belong to the semiperishable class. 

Take the case of an automobile: It will fetch its full price as long as newer 
models are not introduced into the market, but after they appear, it becomes 
“an old model” and has to be sold at a reduced price. The life of these semi¬ 
perishables is often longer than the inventory cycle, so that for several cycles 
the carryover from cycle to cycle involves only carrying charges, as in the cases 
discussed in previous sections. After a certain number of inventory cycles, the 
product is relegated to a lower price level, and the difference between the original 
price and the lower price constitutes the loss due to overstocking. 

Example 1 

A typical example in the stocking of perishables is that of newspapers and 
journals. A newspaper can be sold for the full price printed on it for one day 
only. On the day after, its news has become stale, and although it carries perhaps 
many features and articles that maintain their value for several days to come, 
the paper as an article for sale has become valueless. 



Daily demand 


Figure 18-3. Demand frequency 
for newspapers. 


Suppose that a news agent had a full record of the demand {= actual sale^ 
-j- demand that he could not meet) of a certain paper, as shown in Table IS—1. 
the frequency of demand could be plotted as in Fig. 18-3. The distribution in 
this ease is quite close to the normal one. The average demand was found to be 
80 papers a day with a maximum recorded daily demand of 95 and a minimum 
of 64 papers. Suppose the news agent sells each paper for 10 cents and has to pay 
1 cents for each that he orders. Assuming that he cannot return unsold papers 
(whether this is a wise policy from the publisher’s point of view is another matter). 
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le news agent makes 3 cents on every paper that he sells, he misses an oppor- 
mity to gain 3 cents on every paper that he cannot supply, and loses 7 cents 
n every paper he is unable to sell. How many papers, then, should he order, 
ssuming no periodical demand fluctuations occur? He decided to take the 
verage demand as his order quantity (namely, order 80 papers per day), and in 
lis w r ay (see Table 18-2) he 

sold 48,242 papers, yielding a profit of §1,447.26; 

was unable to supply 1,215 papers, losing a potential gain of $36.45; 

had 1,198 papers left over, losing $83.86; 

Table 18-1 


Demand Record for a Daily Newspaper 


No. of Papers 

Frequency of Demand 

Total Number Required 

64 

1 

64 

65 

0 

0 

66 

1 

66 

67 

3 

201 

68 

3 

204 

69 

3 

207 

70 

5 

350 

71 

10 

710 

72 

13 

936 

73 

17 

1,241 

74 

22 

1,628 

75 

30 

2,250 

76 

35 

2,660 

77 

44 

3,388 

78 

48 

3,744 

79 

47 

3,713 

80 

50 

4,000 

81 

48 

3,888 

82 

45 

3,690 

83 

44 

3,652 

84 

38 

3,192 

85 

32 

2,720 

86 

24 

2,064 

87 

14 

1,218 

88 

14 

1,232 

89 

12 

1,068 

90 

6 

540 

91 

4 

364 

92 

1 

92 

93 

2 

186 

94 

1 

94 

95 

1 

96 

Total 

618 

49,457 


49,457 

Lverage demand = 


= 80.03 


618 
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his total gain being $1,363.40. Had he decided to stock 76 papers a day, he 
would have 

sold 46,617 papers, yielding a profit of $1,398.51; 

been unable to supply 2,840 papers, losing a potential gain of §85.20; 

had 351 papers left over, losing $24.57; 

thereby increased his earnings to $1,373.94. Admittedly, the increase is only by 
about 1 per cent, but the example illustrates how the news agent could affect 
the total profit by adjusting his order quantity level. 

His considerations have so far not included any penalty for tu rning away 
customers, whose wishes cannot be met. This point, naturally, req uir es some 
further study to answer the question: Does the fact that not all customers can 
be satisfied all the time affect the pattern of demand? If it does not, the demand 
distribution is not expected to change owing to readjustment of the order 
quantity and no penalty for dissatisfied customers need be considered, but if it 
does have an adverse effect on demand, this aspect should not be overlooked. 
In some industries a thorough analysis to establish this penalty qu an titatively 
may be called for. 

Example 2 

A slightly different situation would arise when our news agent is compensated 
by the publisher for unsold papers. For instance, the publisher could charge 
the news agent 7 cents for each copy sold but only 4 cents for each copy that the 
news agent returned. In this way the publisher may hope to encourage the news 
agent to order more papers and thereby increase circulation. The problem, then, 
belongs to the class of semiperishables, since the news agent does not lose all the 
value of the paper at the end of the selling period. Admittedly, this is a special 
and perhaps a comparatively simple case of semiperishables, since the goods are 
not offered to the public and the leftovers are therefore not likely to affect the 
pattern of demand. The reader will not fail to notice that the problems of the 
news agent and those of the publisher are different. The news agent would 
naturally welcome any reduction in the price he pays for unsold papers, since in 
this way he can afford to order more without taking too high a risk. The pub¬ 
lisher is also interested in larger orders, but only up to a point. If he does not 
charge the news agent anything for unsold papers, the latter would tend to put 
in orders equivalent to the maximum possible demand (perhaps even higher 
than that), and the publisher would find that he got back large numbers of 
papers, of which he could make very little use. Unless it is definitely proved that 
abundance of the papers on the news stands does stimulate demand, the pub¬ 
lisher will start losing if he has too lenient a policy toward the news agent. The 
optimal policy of the publisher would also belong to the class of these problems. 

Throughout this discussion, the underlying assumption has been t hat we know, 
or the news agent knows, the distribution of demand, and having assembled our 
figures, we strive to define the best course of action that ought to be taken. W e 
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Total 48,242 1,215 1,108 40,017 2,840 351 
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also assume that the pattern of demand in the future is not liable to change. In 
fact, we take the past demand distribution and suggest by inference that it 
represents the distribution in the future. Although in many cases (especially on 
a short-term basis) this assumption is adequate, its limitations should always be 
borne in mind. 

Example 3 

There are cases, however, that call for an even higher level of forecasting and 
evaluation, especially when direct data collection is impossible. Suppose we have 
to build a theater and a decision regarding its seating capacity has to be made. 
We can construct our break-even charts to determine the minimum economic 
capacity that need be contemplated, but that still does not tell us very much 
about the size that should finally be adopted. The seating capacity in this case 
is our 4 'order quantity.’ 7 Seats that remain vacant are analogous to left-over 
goods that cannot be sold. On the other hand, if the theater is fall, the manage¬ 
ment is obliged to turn away potential customers, and each customer represents 
a demand for one unit of commodity that cannot be supplied. The management 
of the theater collects a profit for every seat or ticket sold but suffers a loss (due 
to upkeep, maintenance, and overhead) for each seat that remains vacant. This 
is, therefore, an inventory problem belonging to the class of perishable goods, 
with the same seats constituting the fresh stock as each performance starts. 

Problems dealing with the size of stores, reservoirs, or containers are also 
essentially of this kind; some deal with perishables only, others have to incor¬ 
porate the question of additional space required for left-overs or semiperishables. 
In all these cases, however, we find ourselves in a vicious circle: We need the 
theater or store to find the demand distribution, but we need the demand distri¬ 
bution to determine the required capacity. Sometimes it is possible to suggest an 
interim solution for the capacity and modify the building at a later stage when 
enough data have been collected and analyzed, but in most cases it is necessary 
to infer from existing stores the form of expected demand distribution, on which 
determination of size has to be based. 

The desirable capacity 7 of modes of transportation, such as trains, trucks, 
buses, or ships, or the capacity of each of a number of storehouses, compartments 
in a silo, etc., is also allied to this problem, but apart from the optimal size of 
each unit, it is necessary in most of these problems to determine the number of 
units required. A tyqpical industrial problem belonging to this class would be: 
determining the capacity 7 of each machine and the number of machines required 
to cater to a given distribution of loads. This problem is somewhat more com¬ 
plicated than the one discussed above and is bey’ond the scope of this work. 

Optimal Order Quantity for Normal Demand Distribution 

For the purpose of our analysis we may T start by looking upon perishables and 
semiperishables as belonging to the same category. For any leftovers at the end 
of the period, there is a penalty or a loss c T per unit. In the case of perishables. 
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would be equivalent to the full value of the product, including storage costs, 
the case of semiperishables, c 1 would be only that part of the full value which 
lost when the product is transferred to the next cycle. Thus perishables and 
niperishables differ in the numerical value attached to the penalty Cj. 

There is, however, a fundamental difference between the two groups. In the 
se of perishables, the leftovers are simply scrapped and the stock level at the 
ginning of the period is equal to the reorder quantity. In the case of semi- 
rishables, the stock level at the beginning of the period consists of the reorder 
antity and the residue from the preceding period. The old stock also affects 
e sales of fresh stock during the new cycle, and thereby the profit. If, for 
ample, an appliance of an older model is sold to a customer at a reduced price, 
may be done at a risk of not selling him a new model, which would have 
;ched the full profit. Thus, while it is probably true to say that the consump- 
»n of old stock is partially an addition to the normal demand (being inspired 
the attractive low prices), the actual sales of new stock may be reduced 
cause of competition from old stock. Reduction in sales of new stock results 
a larger residue at the end of the cycle, i.e., in a larger amount transferred 
old stock to the next cycle. Such a situation calls for an analysis of the 
antitative effect of old stock on profit and on reorder quantities. 



Figure 18-4. Demand folloucing the 
normal distribution. 

D = Mean demand 
Q = Reorder batch 

jDi = Mean demand value that can be 
satisfied 

Z >2 = Mean demand value that cannot be 
satisfied 


immizing loss 

Suppose that the distribution density function for demand/(D) is known, the 
san demand being D. If we plan to reorder Q (see Fig. 18-4), the probability 
at demand will be below Q is 


J °f(D)dD = F 
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the probability that demand cannot be satisfied (D > Q) is 

J"/(D) dD = 1 - F 

ie average demand for D < Q is D lt the number of units expected to remain 
tock at the end of the period is (Q — DfjF. When is the loss per unsold 
the expected loss for ( Q — Df) units is 

F{Q - i>iK 

he average demand for D > Q is D 2 , the number of units that cannot be 
plied is expected to be (1 — F)(D 2 — Q) } and if the loss per each unit that 
not be supplied is c 2 , the expected loss for D > Q is 

(1 - F)(D 2 - Q)c 2 

ice, the total loss: 

C = F(Q — Dffa + (1 - F)(D 2 - Q)c 2 (18-35) 

ire D l5 Do can be evaluated (when the probability density function is known) 

D 1 f (D) dD = [ o ° Df (D) dD (18-36) 

[ D, J“/(D) dD = Df(D) dD (18-37) 

jet us take, for example, the case when demand may be described by the 
mal curve, so that 


f(V) = 


1 

-=e 

crV t 


KM)’ 


(18-38) 


ere a is the standard deviation. Case studies in industry have shown that the 
mal distribution can often be taken as an adequate approximation to describe 
demand pattern. When we denote 


cr 


n 


f(D) = 4(*) 

<7 


ere <?(() =-L-er* (18-39) 

1 the cumulative probability to have a value i is 

(D, = f 1 9 dt = JL f 1 e-*m (18-40) 

J-00 V 2tT J-OO 

md <E> are extensively tabulated in books on statistics (see also Appendix). 
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Although theoretically the normal distribution function extends from —oo to 
+co (thus including some absurd demand values), it is still a very useful model 
bo use, since within the range of ±3(7 from the mean value (i.e., t = ±3), we 
have 99.7 per cent of the total area under the curve. Provided D > 3 a, the 
negative portion of the curve is so small that it may be neglected. We may 
therefore use the values of <D as derived from tables (e.g., the Appendix) and 
not worry too much about the fact that O is the cumulative probability from 
—oo, whereas we are actually interested in the cumulative probability from 0 
(the demand being always positive): 

F ~ <& = \ tQ o dt 

, Q- D 

where Iq — - 

a 

Hence the loss is 

C = <D«? — D ^ 4- (1 - 0)(D 2 - Q)c 2 (18-41) 

In order to find Z) ls _D 2 , suppose we have two ordinates on the normal curve 
and we have to find the average value between the two limits (see Fig. 18-5). 



Figure 1S-5. A standardized normal 
distribution . 


This average, call it t m , is related to the abscissa of the center of gravity of the 
area between 1 and 2: 


tm odt = to dt 



e-^'dt = 


1 

-4= j te-^dt 


or 
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definition 



e-V'dt = 



e-^dt 



= $2 “ ®i 

^($2 — ®i) = f te-^dt 

VZ7rJ4 

= _L -- 

V'ZttJi, V2-L 


= — (92 - 9i) 


*. = 


o 2 — ?i 
D 2 — <J>j 


(18-42) 


Co find the average for D <Q, we have to look at the position of the normal 
ve from — oo to Q; i.e., 9 X = 0, 0 1 = 0, or 

, _ A ~ D 9 

tm '~ a ~ 4> 



(18-43) 


lilarly, for D > Q, we have the two limits at Q and —oc, so that s, = 0, 
= 1, and 

, _D. 2 -D o 

”* a ~ 1 - O 


Do = jD 4- -— a (1S-44) 

1 — <t» 

substituting Eqs. 18—43 and 18-44 into the loss function, Eq. 18-41, we get 
G = O (q - D + Cj + (1 - <J>) (s -l _X_ ff - Qj Co (IS—45) 

low we denote (Q — D) jcr — t, then (lb-46) 

- = (<M + o)Cj_ + [9 - H 1 - 4 >)]c. 

cr 

= —cjt + {9 + $t)(c 1 -f c-*) 

define a function 


(18-47) 
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Hence E = — t + (9 + <$t)(l + e) (18-48) 

where € = °1 (18-49) 

where € is the cost ratio for the two types of losses that w r e may expect, and its 
numerical value will naturally affect the loss function E. For the special case 
e = 0 (i.e., c 1 = 0 , meaning that we do not lose anything by having surplus at 
the end of the period; for instance, in some cases where we have the option to 
return unsold goods to the vendor without loss to ourselves): 


E 0 = 9 - t(l - O) (18-48a) 

and in the special case € — 1 (i.e., c 2 = c 2 , meaning that the loss per unit 
remaining in stock is the same as the loss per unit that we are unable to supply): 

E 1 = -t + 2 (o -f &t) (18— 48b) 

In cases where 0 < e < 1 , the loss function E w r ould be between E 0 and E v 
Figure 18-6 gives values for E in terms of t with € as a parameter. There are, 
however, cases where the loss per unsold unit is higher than the loss per un¬ 
supplied one, i.e., € > 1 . 



Figure 18-6. The cost function E. (From S. Eilon, 
“ Inventory Control: A Problem in Stocking Perishable 
Goods,” The Production Engineer, April 1960) 


What Q should be planned in order to reduce the expected loss function to a 
minimum? C is minimum when E is minimum; i.e., when 
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, by definition, 


d O 
dt 


= 9 


^9 = d 1 ^ 

dt sj2/7T 


—t 



dE 

dt 


— 1 + (1 + € )(— t<p + to + 0 ) = 0 


<D = 


1 

m 


(18-50) 


solution is shown in Fig. 18—7. This is, in fact, a special case in instantaneous 
Land. A quantity D is required during the cycle, and since no carrying or 
age costs are charged as a function of the time the goods stay in stores, we 
r regard the consumption as a single withdrawal at the beginning of the 
e. Expression 18-50 is therefore obtainable from Eq. 18-29 when ~ = 0. 



Figure 18-7. Optimum solution for stocking of perishable 
goods. (From S. Eilon, “Inventory Control: A Problem in 
Stocking Perishable Goods” The Production Engineer, April 
1960) 
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[aximizing profit 

Similarly, it can be shown that if maximum profit is the desirable objective 
i stocking of perishables, the optimal reorder quantity is given by 

(D = ( 18 -50a) 

1 + i + € 


here £ — zjc 2 and z is the difference between the sales price and cost of acquisi- 
bn per unit (the reader can derive this solution as an exercise). The optimal 
ffution. Eq. 18-50. is. therefore, a special case of Eq. 18-50a, obtained when 
= 0. Figure 18-7 may still be used for this case, since 

o =_i_ 

l + [«/(l + £)] 

xcept that € is replaced by 6/(1 + l) 

>zample 

The probable demand for a product is given by a normal distribution with a 
lean expected demand of 1,000 units during the period and a standard deviation 
f 80 units. If the loss per unsold unit is $1.04 and the loss per unit that cannot 
e supplied is $8.00. what quantity should be ordered to minimize loss and what 
; the cost for this case? 


oluiion 


c 1 = $1.04 
c 2 = $8.00 


<=^ = 0.13 

8.00 


he optimal policy is at 


d> = 


= — = 0.885 


1 + e 1.13 


300 


-200 


100 I -I-I-J-1-1-1-i_t : j ? 

1000 1,100 1,200 
Q (units) 


Figure 18-8. An example to illus¬ 
trate hoic the cost function C varies 
ucith the reorder batch Q, 
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his value of O corresponds to (from tables, see Appendix): 

t = 1.2 

. Q — 3 

a 

Q = D A- ta = 1,000 + 1.2 x 80 = 1.096 ~ 1,100 units 
be cost of this policy is 

C = cr[—c 2 t + (9 + ® 0 ( c i + ^2)] 

Prom the Appendix table, 9 = 0.194. 

C = 80[—8.00 x 1.2 + (0.194 + 0.885 x 1.2)(1.04 + 8.00)] 

= $140 

bis cost increases quite appreciably as deviations from the optimal policy 
crease (see Eig. 18-8). 

etermmmg the level of satisfaction 

The main difficulty in practice is to assign a value to c 2 - As mentioned above, 
consists of: 

1 . The loss of profit per unit that we are unable to supply, which (provided 
? know for sure that the customer is not prepared to wait until new stock 
rives) is easy to establish. 

2 . The loss of good will, which as explained later, is not that easy to express 
Lantitatively. 

In order to avoid the issue, management sometimes states the average level 
satisfaction that should be aimed at. The level of satisfaction specifies the 
rcentage of the times in which demand can be met. For instance, if the policy 
quires that the level of satisfaction be 99 per cent, then only in 1 per cent of 
e cases are we prepared to put up with the situation in which demand exceeds 
e stock. The issue of value assignment is, in fact, not avoided in this way, 
ice the decision to specify a certain level of satisfaction automatically puts a 
ice tag on c 2 . In many cases this is a more convenient way for management to 
press its desirable policy, but at the same time it is useful to know just how 
tich this policy costs and whether the cost function is steep in the specified 
non. in which case the policy may intelligently be reconsidered. 

cample 

For the data given in the previous example, suppose that instead of specifying 
management rules that we should aim to meet demand 98 per cent of the 
tie. Find the c 2 to which this policy is equivalent, what it costs to implement 
and how much should be ordered. 


jruummim i wvwrwn>\j whaju \ nnwi uu 


> 

ution 

Here <1> - 0.980 
= 0.048, from 


have e == 4 ~~ l r “- ; — 1 — 0.0204 

<I> 0.98 

c 1 04 

1 C 2 ==: l l =.—.$50.98 - $$51.0 

2 € 0.0204 

Che cost is 

0 = a[—c 2 t + (9 + ~f c 2 )] 

« 80[—51 X 2.05 + (0.048 + 0.98 X 2.06)(1 .04 | 51.0)) 

= $200 

d the amount that should be ordered is 

Q = D + to = 1,000 + 2.05 x 80 = 1,104 ~ 1,100 units 

0 reorder quantity is naturally somewhat larger than in the preceding example 
>ause the penalty for not supplying is higher. It is interesting to note that the 
t of maintaining the described policy and the reorder quantities are quite 
sitive functions when the level of satisfying demand is high (as illustrated in 
18-9, where the cost G and the reorder quantity Q are given for various 
ues of «•). When a is comparatively high, the recorder quantity becomes even 
re sensitive to changes in policy. 

Apportioning Problems 

?here are numerous situations in industry and trade where a certain com- 
dity is ordered or produced and then divided into portions, those portions 
ng required for further operations in the manufacturing process or for markot- 
as a finished product. Packaging problems fall within this category: The 
imodity, when in the form of powder, for instance, is weighed and packed in 
-kefs, cartons, or sacks; when it is in liquid form, it is poured into bottles or 
.tainers, often by volume specifications. These packets, cartons, or bottles 
supplied to the market as the final product, and they have to meet pre- 
ermined specifications defining weight, volume, or any other property 
fcting paper or cloth, for instance, would., be governed by dimensional 
cifications). 

lability 

apportioning operations normally involve a certain variability of the quantity 
tted to each unit. As we often find that reduction or practical elimination of 


. Corresponding to t 2.05 (from Appendix fable) and 

I 


<!> r. 


1 +■ « 
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i variability is rather costly, we have to put up with some deviations from the 
irable specified quantity. If the number of units of the final product is known 
[ the penalty for not meeting the specifications is given, how much of this 
imodity should be ordered or made for each production cycle? We must strive 
Letermine the optimal setting of the process that would yield such an average 
entity per product unit that the over-all cost or waste will be minimiz ed. The 
blem becomes more complex when either or a combination of the following 
lations occur. 




Figure 18-9. An example to illus¬ 
trate the effect of lerel of satisfac¬ 
tion 0 on the reorder batch Q and 
the cost function C. 


*al restrictions 

Some specifications are laid down by law; for instance, minimum weights of 
skaged or bottled foodstuffs. Since the penalty for underweight units is high, 
s manufacturer tends to increase the average amount per unit as a safety 
asure. On the other hand, he is reluctant to increase the average too much 
;h because material is thereby wasted and because it may reduce potential 
nand for a second purchase. 
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Measurement limitations 

In many cases the specifications for ordering the commodity and for marketing 
te final product differ in the property selected for measurement purposes. In 
ailing, extrusion, and similar processes, the inlet may be measured by weight, 
hereas the outlet (or final product ) may be defined by dimensions of width or 
ngth. In such cases, variations of specific gravity during the process (as in 
tiling or extrusion) or gage (as in production of paper or metal sheets) have to 
* considered. 

deviations from specified packaged iceights 

As we have pointed out, there is an inherent variability in the actual appor- 
oning operation. If, for instance, we have to produce 1 pound packages of a 
>mmodity ? we find that the packages vary in weight, and numerous case studies 
>nducted in industry suggest that the distribution of weights resembles the 
3 rmal curve. 

If the apportioning process is so adjusted as to yield a mean package weight 
f 1 pound, half the packages are expected to be overweight and half are 
qpected to be underweight. The underweight packages do not meet the require- 
lents. They may have to be sold at a lower price, or perhaps be opened in order 
> be repackaged again (for instance, when marketing packages below 1-pound 
eight is forbidden, or undesirable from the point of view of maintaining the 
aality of the product, so that marketing underweight packages should be 
roided). In some cases underweight packages may simply have to be scrapped, 
i any event, a loss due to underweight is involved. The overweight packages 
re marketable, but again a loss is incurred by putting too much material in 
Lch packet. The question arises: How can the total loss be minimized? We can 
4 duce the loss by using one or combinations of the following three methods. 

1 . We may try to reduce the variability of the process, either by change of 
piipment or by periodical checks through machine setting, maintenance, and 
jpair (this problem is further discussed in Chapter 19). In this way the tails of 
le distribution curve are pruned down, and a higher precentage of the produc- 
on volume can be brought within prespecified tolerances (see Fig. 19-9). 

2. An appropriate inspection mechanism could be installed, which would let 
irough only those products that are within the desirable tolerances. This would 
isure against the penalties for underweights. 

3. For a given process variability, the loss may be reduced by process adjust- 
ent, i.e., by changing the mean, until an optimal proportion between over- 
zed and undersized products is attained. Deviations from this optimal setting 
ould involve an increase in the loss function, either due to excessive surplus 
aterial input (when the mean is too high) or to too many rejects of undersized 
•oducts. 
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Process adjustment 

We shall now proceed to analyze mathematically the question of process 
adjustment. Suppose the mean of the distribution is x, while the amount 
specified for each product is x Q , and suppose the process is adjusted in such a way 
that the probability of obtaining an underweight product is 0.15 per cent; there 
would be an average excess of material of x — x 0 in each package. If N packages 
or portions are made, the total amount of material required to produce N units 
is Nx, so that the loss ratio is 

S„ = = 1-3 (18-51a) 

Nx X 

The probability of 0.15 per cent for underweight units corresponds to 


X — ;Tq — 3cr 



X X y 


where y = x/ais the inverse of the coefficient of variation, which gives us some 
measure of the dispersion of the distribution. Hence 

S 0 = - (18-51b) 

y 

If the distribution is shifted to the right so that the mean weight per unit 
increases, the chances of obtaining underweight units are further reduced, but 
the amount of excess material used is increased and thus the loss ratio evidently 
increases. If the distribution is shifted to the left so that the probability for 
obtaining underweight packages is O, the loss would be 

Amount of loss due to underweights = N Oxj 
where x 1 is the average amount lost per packet. 

Amount of loss due to overweights = 2V T (1 — <J>)(ar 2 ~ ^o) 
where x 2 is the average weight of the overweight packages. 

If underweight products are a total loss and have to be scrapped, the total 
amount of material lost is AT <£2^ -f- (1 — <X ) )(a: 2 — 2* 0 )], while the total amount 
of material input is Nx. The scrap ratio is 

s = — ^0)] = ^ ^ (X — O) ~ ~ X ~ (18-52) 

Nx x x 


If 




Xo 


cr 
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, by Eq. 18-42, 


t*. = 


9 

<D 


tie 



5 = 

x <1> y 


^2 


= 1 + 



* = 


x 0 — x 


o 


X 



(18-53) 


(18-54) 


ubstituting these expressions into the scrap ratio function, we get 

9 1 t y 

yj 




= O - (1 


®)- 

y 


(18-55) 


ow can this function be minimized by selection of x (obtained through an 
•opriate adjustment of this process), when the requirement x 0 is given 1 ? The 
per to this question is obtained by 


n Eq. 18-54 we get 


re 



t = m — y 
oc 

m — — is known 

cr 

t _m 

y y 


(18-56) 

(18-57) 


substituting this expression into Eq. 18-55: 


5 = O - (1 - <D) 



= 1 - (1 - <D) - 

y 


(18-58) 
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f changes in x do not cause any changes in <x, the ratio m is constant for any 
iven situation. An example showing the scrap ratio function is given in Fig. 
8 -10. The function becomes a minimum when 


dS 

dy 


hit 


(1 


dy 

dt 


«►> + = £- 0 

7 d 7 


= -1 


rom Eq. 18-56, and 


d O 
dt 


d 4 > 

dy 


nd — (1 — d>)-o = 0 

y 2 y 

1 — 0 

r y = --- (18-59) 



T 

Figure 18-10. The scrap function (for y = constant). 


he minimum value of the scrap ratio function is obtained by substituting the 
ptimal y into the scrap ratio function, yielding 


s m = 1 — mo 


(18-60) 


xample 

A liquid is bottled and sealed in containers that should not hold less than 
X) grams of the material. The unsealing of the containers may adversely affect 
le properties of the liquid, so that underweight containers have to be thrown 
way as scrap. A study of the operation showed that the standard deviation of 
le distribution of weights was 8 grams and the mean weight was set at 120 
*ams. The underweight products were sifted from the finished product stores 



/*rodu<ii(w dlannintf and don f ro! 


I diHnurdod through 100 par omit inuporfioia f>im*ognrdmg flu* Iomh duo to 
ifaiuorn, and alno ll h * 1 labor moiorml.od with tho midarwnight prod u of h, fmcl: 

I. The, Horap ratio for Mm* ahnvo Mil-iutl.it»i>. 

1 Tho optimal Hotting that would roduoo tho no rap ratio to a ruioioium. 

], What Having may bo oxponfod at tin* optimal notting. 

'//lion 

I. (Jivon ,r 0 100; x 120; a H. Thornton* 

.r,i ;H 100 120 


, * 120 i« 

Y tr K 


r l 2.5, from tho Appendix table, 

<I> 0.000 

I (p 0,001 

y 0,0175 

A <I> (I <]>)' 0,0001 O.iMM ‘" l> 0,172, or 17,2% 

y I 5 


l. We know that 


'• Is.r, 

o K 


h <>f)timal Hotting ean lx* found through nobitioii of Kcp 18 50 by trial and 


Virnt trial. firNt UMMume that the atiHwer eorrenpoudH to l 2.0, or 
y m t 12.5 | 2.0 14.5 

* t 2.0 we find from fho Appendix tablo: 

I <f> 0.077 


y 0,0540 


(4<ing for y (>y formula 18 50, 
I n> 0.077 


18.1 - our aHHurnptiori of 14,5 
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Second trial. Assume i 


Check: 


1.8 or y = 12.5 + 1.8 = 14.3. Now 
1 - O = 0.964 
9 = 0.0790 

1-® 0.986 _ 12 , < lt3 


9 0.0355 

The answer must lie between t — —2.0 and —1.8 

Third trial. Assume t = —1.9 or y — 12.5 + 1.9 = 14.4. Now 

1 - <D = 0.971 
9 = 0.0656 
1 - O 0.971 


Check: 


0.0656 


14.8 > 14.4 


but the difference is now fairly small, and a small change in t (in the second 
decimal place) will hardly affect the last assumption, y = 14.4, and the value of 
1 — (f) — 0.971. We can, of course, find t quite accurately from 


<D 0.971 


14.4 


= 0.0675 


which corresponds (see Appendix table) to t = —1.88 or y = 14.38, the optimal 
mean setting being 

x = y<j = 14.38 x 8 = 115.0 grams 
but obviously the accuracy provided by y = 14.4 is quite adequate. 

3. The minimum scrap ratio is 

S m = 1 — mo — 1 — 12.5 x 0.0675 = 0.156, or 15.6% 
compared with 17.2 per cent resulting from the present setting. 


The cost function when the penalty for underweights is different from that 
for overweights 

The foregoing analysis is related to the scrap ratio function, when material 
in underweight products has to be scrapped and the cost per unit weight to the 
plant is the same as the cost of excess material in overweight products. In many 
cases, however, the cost for each category is different. Material in rejected 
products may be reclaimed for reapportioning and the loss may be only partial, 
owing to additional labor, machine time, and packaging that have to be rein¬ 
vested in the material. On the other hand, in some cases the procedure or cost of 
inspection may be such that it would not enable reclaiming or even stopping the 



) 
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ects from going through, and the penalty for these may be rather high. In 
)h cases it is useful to analyze the cost function: 

C = N&X& 4- N{1 - Q)(s 2 - x 0 ) c 2 (18-61) 

cost of cost of 

underweights overweights 

ere C is the total cost, the cost per unit amount of underweight, c 2 the cost 
unit amount of surplus material. By substituting 



— = y ~r 


cr 



0) 



cr 


y +1 


€ = — 

^2 

I considering the nondimensional cost function 


get 


E = 


C 

Nc 2 <j 


E = ye <D — t( 1 — O) -f- (1 — e)p 

= (m — f)e<D — t( 1 — CD) — (1 — e)p 


(18-62) 


(18-63) 


For given values of m and €, the cost function E can be plotted in terms of i, 
i this function will indicate: 


L. What value of t should be selected in order to minimize the cost. 

1. How sensitive the function is to changes in t (i.e.. how :£ flat” the curve is in 
i vicinity of the point of minimum), so that an appropriate policy may be 
blined to show just at what deviation from the optimal t it is desirable to 
idjust the process. 

?Vs might have been expected, the parameter e greatly affects the cost func- 
n and hence our considerations when optimal solutions are sought. For the 
;reme case e = 0 (i.e., when the penalty for underweights is nil), we get 

E q = ? - f(l - <D) (18-63a) 

other special case is € = 1 (i.e., the two cost rates are the same), for which 


E x = y<D - t( 1 — cD) 
= m cD — t 


(18-63b) 
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This expression corresponds to Eq. 18-58; thus we see that the criterion of scrap 
ratio (i.e., ratio of absolute scrap to material input) is a special case of Eq. 18-63, 
in which the criterion of absolute cost is used. 

The cost function becomes a minimum when 


dE 

dt 


= 0 


The situation is defined by the requirement m = x 0 ja, which is constant; hence 


— = — eO + e(m — t) 9 — (1 — O) + — (1 — e)tq = 0 


or 


1 — O -f €<& 
-:- = m 

€ 9 


(18-64) 


Solutions to t his equation are given in Fig. 18—11, from which the optimal 
setting t can be found for known values of m and e. Alternatively, the equation 
may be solved by the trial-and-error method, similar to the solution illustrated 
in the preceding example. 



Figure 18-11. Optimal solutions for 
determining the mean in apportion¬ 
ing problems (ichen a = constant). 


For the two special cases mentioned above when e — 0, we get f —> x (i.e., 
we should avoid the production of overweight products, since there is a penalty 
for overweights, but no loss due to underweights), when € = 1, we get ? = Irm 
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(as m is known for any given situation, we can easily find cp and then the corre¬ 
sponding t from the Appendix table). 

As already pointed out, this situation is based on the assumption that any 
adjustment of the process does not change the standard deviation of the distri¬ 
bution of weights, volumes, etc., of the products. In other words, it is implied 



(a) cr Remains Constant (b) 7 Remains Constant 

Figure 18-12. Effect of input on the distribution of outputs. 


that by selecting a new mean x for the distribution, we merely shift its position, 
as suggested by Fig. 18-12a. In many cases, however, an increase of the mean 
results in an increase of a, so that the coefficient of variation remains constant, 
as suggested by Fig. 18-12b, or 

y = constant 


The cost function may now be defined as 


By using Eq. 18-63, we get 


x 0 la t + y 


=t 2- r ye 4> - 1 ( i - 

t + y 


*) + (!- «)<P 


and this cost function is minimum when 


if +vf L 

+ TTr [“' 


ye® — £(1 — ®) + (1 — e)cp 


(t + r)c9 - (1 - ®) 


3r, by substituting t + y = w, 


(18-65) 


(18-66) 


em 2 — - (1 - ® + e®) = 1 — e 
9 


(18-67) 


Some Further Considerations of Quantity Control 509 

)lutions for some values of c are presented in Fig. 18-13. For the two special 
s 

e = 0, we get t -> oo 
€ = 1, we get y — ?w-o 

rnple 

insider the cost function in the preceding example, when the loss of material 
to overweight products is 0.5 cents per gram of excess material, while 
: 5 cents per gram. 

Show how the cost function depends on the setting t. (a) assuming that a 
tins constant; (b) assuming that y remains constant. 

Find the cost of the present policy. 

Determine the optimal policy when 

(a) <7 is assumed to be constant. 

(b) y is assumed to be constant. 

tion 

We have 

(a) From Eq. 18-63, we find that 

E = (ld.5 - t)0 .10 - f(l - <D) - 0.9c 
the cost C = 40 E cents per unit. 

(b) From Eq. 18-66, we get 

G=-V_ 

t -j- lo 

the cost C = 500G cents per unit. 

The present policy is at t = —-.5, which yields E — -.59. ot C = c 2 cr 
.59 = 1.03 dollars per unit. 

(a) From Fig. 18-11 we find that the optimal setting is at t = -0.1 or at 
Xq — ta = 100 + 0.8 = 100.8 grams, incurring a cost of 40 cents per unit, 
i is substantially below the cost at the present moment. 

,) From Fig. 18-13, the optimal setting is at t = —0.05. but with this new 
ng, the standard deviation is changed, so that 

x= x 0 — ter 


x 

cr == - 

y 
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100 


1 + ( tly ) 1 - (0.05/15) 

he new standard deviation being 

x 100.3 


= 100.3 grams 


y 


15 


==6.7 grams 



t 


Figure 18-13. Optimal solutions for 
determining the mean in apportion¬ 
ing problems* (when the process is 
governed by y— constant). 


pportioning outputs from a known distribution into several identical products 2 

This section deals with subdivision of a quantity, belonging to a known 
istribution, into smaller quantities. The original quantities are the outcome of 
given process, and these form a distribution, as in the case of filling sacks of 
igar or barrels of wine. Now r , the contents of each of these sacks or barrels have 
> be divided into smaller containers or bottles. If w r e can subdivide the contents 
ccurately into a whole number of smaller packages, we shall have no surplus, 
•f course, in the case of sugar or wine, w T e could have receptacles larger than 
icks or barrels, or we could collect residues from several containers to make 
Iditional packages. But in some cases this cannot be done, and the residue of 

2 Acknowledgement is due to the Institution of Mechanical Engineers, London, for 
srmission to quote from the author’s papers mentioned in the References and to reproduce 
[gs. 18-12 to 18-20. 
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ch original quantity incurs a certain loss. A typical example is in the manu- 
eture of metal bars marketed by length. The bars are obtained by a rolling 
oeess, where the input to the mills consists of billets of known length and cross- 
ction, and the bars form the output. These bars vary in length, the variability 
the process being caused by many factors, such as variations in physical 
tnensions and chemical and mechanical properties of the input to the process, 
■nations in the cross-section of the bars, variations in the process conditions, 
eluding temperature, wear of rollers, lubrication, etc. 

If each bar of the bar-length distribution yields only one product, we have one 
the inventory problems discussed above, namely: 

1. The input to the process may be fixed, so that we have a certain bar- 
lgth distribution, of which an optimal bar length for marketing has to be 
ected. The bar-length distribution is analogous to the distribution of demand, 
d the optimal bar length to be chosen is analogous to the optimal reorder 
tch size, as analyzed previously. 

2. The final bar length may be fixed by standards or by market requirements, 
t the distribution of bars at the output may be shifted by process adjustment, 
d the optimal setting may be specified to reduce the loss function. 

[n our apportioning problem, the mean of the bar-length distribution is large 
npared with the required length of the product, and each bar has to be sheared 
reral times, yielding several products and a remainder. This remainder is 
ap, and it naturally is smaller than the required product length. 

ass distribution 

[n the bar-length distribution, the shortest bar that should be considered is 
= where y is the length of the required product; i.e., n products are 
tained from the shortest bar. The distribution may be divided into classes, as 
>wn in Fig. 18-15, the width of each being /x. The first class includes all the 
~s with a length between x 0 and x l3 i.e., between na and (n + l)/x, but all the 
:s in this class yield only n units of the product. The bars in the second class 
i between ay and x 2 in length, i.e., between (n + l)y and (n 4- 2)p, but each 
Ids the same number of units, namely, n + 1; etc. 

?irst, let us assume that the division into classes puts the symmetry line of 
> distribution in the middle of one class, as in Fig. 18-15; 2k -f 1 classes are 
reby obtained, where k is a whole number. In order to cover the practical 
Lge of the distribution function (99.7 per cent), we should have 

(2k + l)fjL ^ 6a 

k ^ - - - (18—68) 

m 2 

y 

ere m — - 

a 
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Figure 18-14. The first two classes 
(magnified). 


scrap resulting from the class 0-1 is (Fig. 18-14) 

,s ‘o,i ~ N(x o :r 0 )(Oi <J> 0 ) — N(x 0 

e x' Q is the average length of the bars in this class, Acl> 0?1 is the probability 
►tain a bar in this class, and N is the total number of bars in the distribution. 



Figure 18-15. A symmetrical class-grid. 
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milarly, the scrap for class 1-2 is 


$1,2 = N(x\ — xJAO^g 


the total scrap is 




e by Eq. 18-42, 


as, by definition, 


<?i+i ~ 9 i 
AO>,, m 


X'j = 14 - Oty.'. 


*'•=*- s®;-: (,?M _ 


(18—69) 


n this expression is substituted into Eq. 18-69, the scrap per bar is 


(x — :r f )A(7(9,--! — ?,-) 


5 2 — 2 ^ A<E>, ’ ,V1 _ - ' 


:tically, 


—A- 

AO^jj-! = 1 ; 92 .i—i = 9 o = ^ 


x { — (n + i)/x. Therefore 


x — j^?z AO oa + (ri -f 1) A0 1?2 — [n — -) A® 2 ,3 
+ (n 4- 2k) A^^J/x 

2k 

X - n/x 2 A ®i,m - V- [o A ®0,1 ~ 

{=0 

-f- 2 A ® 2 ,3 4 " * * * +■ A 02 fc, 2 tri J 
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But due to the symmetry of the class grid placed on the distribution, 

A® 0} 1 ~ A0 2 fc,2fc+1 
A-^1,2 = A®2fc~l,2fc 


and 

S 

N 


k+ 2 

A O fcifc+1 = 2A 

— 7ifi — fj,‘2k( A<3> 0>1 + A0 1j2 + + A<b fc _ ljfc + A<b fcjfc+ | 


= i 


By substituting x = (n + Jc -j- i)p,, the scrap per bar is 


S_ 

N 



(18-70) 


Similarly, when the class grid is superimposed symmetrically on the distribu¬ 
tion, so that the ordinate at the mean coincides with the boundary line between 



Figure 18-16. .4 symmetrical class-grid . 


two classes (Fig. 18-16), the same value for scrap is obtained. This is an impor¬ 
tant result, since it implies that neither the variability of the process nor the 
type of the distribution (as long as it is a symmetrical one), has any effect on the 
amount of scrap. 
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When the grid of classes is not symmetrical, i.e., when the ordinate at x is not 
i the middle of a class hut at a distance a from the ordinate at x (Fig. 18-17), 
le scrap per bar is again 


2k 


2 k 


71 jj, 


-“If 

i=0 


AO 


M+i 


(18-71) 



r~y— h~P"H 

Figure 18-17. -4 nonsyninietrical class-grid. 


the grid on the left of the symmetry line is reflected on its right, every class on 
e right is divided into two subclasses so that each AO = AO' — AO". Now, 
evaluate the third term in Eq. 18-71, 

AO f - ti+1 = 0 AO 0sl + 1 A0 1s2 -t 2 A0 2 , 3 -f~ H~ (k — 1) AO^— i,* 

0 + k( 0.5 — Og.) Below x 

^’(A^'^itTi + AO'^j^) + ~r l)(A^tri,i~2 ~r AO •+■ 

+ + AO^ab+i) Above x 

here is from the ordinate of x and not from the ordinate of x k ) 
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'see Fig. 18-17). But due to the symmetry of the distribution curve, 

A<D 0tl - A<l>V-,,2* 4 A*'*m*»i 
AOj. 2 —" A ( l> 2/iT—2,2/c 1 i A ( D 2/i- 1 , 2A' 


llso 

Hid practically 
lence 

■ik 


“ AO / &>fc + 1 + A<I> /c(-1,A;f-2 
(0.5 - 0),) - A ( D ',, /c+1 


AO". 


2Ar,2fc+l 


= 0 


AO fjf+1 — (2k — 1) 0.5 + AO', } , +I + AO , j fc+IlA+2 + • • * + AO' 2fci2A! . 
=o 

= Jc — A<I> k'k+i ~~ AcD", +1> , +2 — • • 


2A+1 


A ( D '2k,2k+1 


By substituting this relation and 

x = (n k)n + a 

nto Eq. 18-71, we get 

2k 

l «. x~\ ,, 

5 H-/ A ( l> / / +l 

1 a /, 


S l a 

Np z fj. 


i ~ k 


i~k 


_S_ 1 . m' 


-A- 


1 m' V s , ., 

= 2 + m ~ Z ACt> '• i+1 

i^k 


(18-72) 


’here n? = /x/cr. /n' = ajcr, m expresses the relation of the product length to the 
ariability of the process, m' indicates the degree of asymmetry of the class grid 
l relation to the mean of the distribution. The effect of these parameters in the 
ise of a normal distribution is shown in Fig. 18-18. For m' = 0, m' = i 
spression 18-/0 is obtained, whatever the value of m. If the class grid is not 
,m metrical, the amount of scrap becomes more and more sensitive to m as 
increases above 2.0. Hence the longer the required bar and the smaller the 
inability of the process, the more important it is to adjust the mean in order 
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nsure minimum scrap. The scrap function Eq. 18-72, has the shape of a 
metrical wave, the amplitude of which increases with m, and the minimum 



p reduces with m 9 as shown in Fig. 18-19. For m < 2.0. it can be shown that 
tieally 


i=k 


s 


:h is the same as Eq. 18-70. 


(18-73) 


(18-74) 



Figure 18-39. Minimum values of 
the scrap function . 


fusions 
>r m <2.0: 

The amount of scrap is independent of the variability of the process. 

The amount of scrap is not affected by the mean value obtained by the 
ess. Hence, adjustments of the mean are not required, and as long as there 
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change in the product distribution, no change in the level of scrap should 
cpected. It is, however, desirable to increase x in order to reduce the scrap 
mtage-wise. 

The scrap is linearly dependent on the required length of the product. 

for example, we need bars 10 yards long, and supposing that the standard 
*4ion of the process does not change with the mean (such as in Fig. 18-12a), 
scrap function would be as in Fig. 18-20. If the mean length of the rolled 
san be adjusted between 30 and 50 yards, and if cr = 1.0 yards, it can be 
that minimum scrap occurs at 31.7 and 41.7 yards; of these two points the 
is preferable, since the longer the mean rolled bar, the smaller the scrap 
entage. 



;ure 18-20. Scrap function for shearing bars /x = 10 yards long from a bar 
dribution having a constant a. 


l this problem we have been concerned with apportioning quantities, and we 
3 assumed throughout that the variability of the small quantities is negligible 
pared wdth the variability of the bigger quantities. 

here are, in fact, many situations where more than one product is required; 
instance, in the case of sugar w r e may w r ant to stock packages of 1, and 
unds, or in the case of bars, we may have a demand for 10, 12, and 18 yards, 
bhermore the demand for several products may be specified in given pro- 
ions; e.g., 50 per cent of the stock should be in 10-yard bars, 30 per cent in 
rards, and 20 per cent in 18 yards. Analysis of multiproduct apportioning 
>lems clearly calls for the use of linear programing, since many methods of 
Drtioning can be suggested; of these w r e seek those that would minimize the 
1 amount of scrap. 

he author was laboring under the misconception that minimization of scrap 
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is a desirable aim, until he was seriously told recently by the w r orks manager of a 
glass manufacturing plant that he could not allow T reduction in scrap because it 
was one of the main ingredients required for his compounds. These problems, 
however, are beyond the scope of this book, and the interested reader is referred 
to the references for further material on the subject. 

Summary 

Inventory management is always confronted by uncertainties, and since stock 
replenishment is very often carried out in batches, an analysis of the optimal 
reorder batch is called for. Two inventory models are analyzed, one for continu¬ 
ous consumption and one for discrete consumption. It is shown that the criterion 
of minimum costs is a special case of the solution for maximum profit for both 
models. 

Perishable and semiperishable goods are a special case, usually of the discrete 
consumption type, and it can be shown that determination of optimal sizes of 
reservoirs and stores is a problem belonging to this class. Apportioning problems 
deal with division of big quantities into several smaller quantities, and the case 
when the big quantities are subject to variations according to the normal 
distribution is analyzed. 
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Problems 

1. In the case of discrete demand with a single withdrawal per cycle, the proba¬ 
bility density function for demand is given as normal, with a mean demand of 
1,000 units per cycle and a standard deviation of 100 units. If the penalty 
for not meeting demand is defined by situation a, and is given as 0.125, 
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what reorder quantity should be planned? .Notice that the time of with¬ 
drawal, t 9 is not specified. Would wide variations in t make a great difference 
to the optimal reorder batch? Why? 

. The probability density function for discrete demand was found to be normal 
with a mean demand of 2,200 units per cycle and a standard deviation of 
100 units. The loss per unsold unit is $2.00 and the penalty for not selling a 
unit is $2.50. What reorder quantity should be specified? Should the standard 
deviation increase twofold, will this quantity be greatly affected? 

. Supposing that in a chain of stores marketing the same product we found the 
standard deviation to be practically the same for ail stores a = 40 units, but 
the mean demand varied appreciably from store to store. If c x = $5.00, 

Co = $1.00, plot the ratio ° P * n |nean r deniluur ~~ a & a i nst mean demand over the 
range D = 100 to 600 units per cycle. 

Find the loss function due to uncertainty in the case of discrete demand, when 
it is known that a quantity is withdrawn from the stores twice every cycle. 

i. In the newspaper problem (Table 18-1), calculate and plot the profit from sales, 
the loss from left-over papers, the net profit, and the potential gain when the 
news agent varies his reorder quantity from 60 to 100 papers per day. 

i. Given the demand record for a daily newspaper in Table 18-1, and assuming 
the normal curve in Fig. 18-3 would apply in the future: 

(i) Find the optimal order quantity for the news agent, when he has to 
pay 7 cents for each copy he orders, sold or unsold. 

(ii) Find the optimal order quantity for the news agent, when he has to 
pay only 4 cents for each unsold paper. 

(iii) How much should the publisher charge the news agent for each unsold 
copy, if each copy costs him 5 cents and if he wants to maximize his 
own profits? Assume that for each policy set by the publisher, the 
news agents will select the optimal order quantity from his point of 
view. Are the aims of the publisher and the agent compatible with 
each other? 

’. A theater is to be built for an expected average demand of 400 seats per per¬ 
formance and a standard deviation of 100 seats. There are two kinds of 
tickets: half the seats sell at $1.00 each and the remainder at $1.50 each. The 
average cost per seat to the management is expected to be $1.10. Find the 
optimal seating capacity of the theater. Assumptions are: 

(i) The demand distribution is normal. 

(ii) The demand pattern is as follows: Demand ratio of expensive to cheap 
tickers is 40:60, until no more cheap tickets are available. Then, each 
customer who cannot get a cheap ticket is willing to buy an expensive 
one. 

l. A canning plant has a store with a capacity of 10 tons for a certain fruit. Since 
the working cycle is one week, it was found convenient to arrange for ship¬ 
ments of this fruit to arrive at the plant once a week, when the store would be 
emptied and cleaned for the next working cycle. Shipments were rather 
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irregular in quantity: sometimes a shipment would be less than 10 tons, in 
which case the store would only be partially full, and the cost of not utilizing 
the space and machine facilities for canning would cost the plant $200 per 
ton; sometimes a shipment would exceed 10 tons, and the surplus would be 
stored outside, thereby causing spoilage of the fruit, which costs $450 per 
ton. The average shipment is 12 tons, and in 70 per cent of the cases it is 
necessary to use the outside storage area. 

(i) Assuming the shipments form a normal distribution and that the 
canning machines can eater for practically any load, so that no fruit 
is car tied over to the next cycle, what is the present cost due to 
variations in the size of shipments? 

(ii) W hat store capacity would have reduced this cost to a minimum? 

9. A certain semiperishable commodity is acquired at $0.80 a unit and sold at 
§1 .20 a unit. At the end of the period, any leftovers become second-class goods 
and are sold at half-price. At the end of the second period, leftovers from the 
first period are scrapped, and leftovers from the second period become second- 
class goods in the third period, etc. The demand distribution for lirst-elass 
goods has 180 units as its mean and a standard deviation of 20 units. The 
mean demand for second-class goods is 36 imits and the standard deviation 
of this distribution is 12 units. There are two situations: fit if the demand for 
one class cannot be satisfied, customers are not prepared to take goods of 
another class; (ii) if demand for second-class goods is not satisfied, customers 
are invariably prepared to take first-class goods instead mote that this 
demand for first-class goods was not included in the demand distribution for 
first-class goods mentioned above). 

What is the optimal reorder quantity that should be specified for each 
situation (use simulation)? 

10. Sales of dinners at a restaurant were found to be approximately normally 
distributed with a mean demand of 600 meals per day and a standard devia¬ 
tion of 100. The cost of a meal to the establishment is 75 cents, and if a meal 
is left over, it has to be thrown away. 

(i) What is the optimal policy regarding the number of meals that should 
be prepared, when the penalty for turning a customer away is S4.O0? 
(ii) The proprietor successively set the target for satisfying customers ;the 
term satisfying custoyyiers here is understood to mean “supplying them 
•with a meal,” not 4 'making them happy with the cooking, service, or 
decor of the restaurant”) at 99.5, 99. 98. 96. 95. 92. and 90 per cent. 
What penalties are these figures equivalent to and what is the cost of 
each policy? Plot the cost C versus the percentage of customer satis¬ 
faction. 

(iii) The demand distribution naturally varies from time to time and these 
variations may be related to (a) the shape of the curve; i,b) the mean 
demand; (c) the standard deviation. 

What could the effect of each be on the results obtained for (ib iff 
above? Illustrate your answer by calculating the effect on the planned 
number of meals for the cases when the standard deviation doe> no* 
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change but mean demand fluctuates by ±20 per cent, and when the 
mean, demand does not change but the standard deviation fluctuates 
by ±20 per cent. 


11. The demand for a certain semiperishable item at a tea shop is described by the 
cumulative distribution given in Fig. 18-21. Orders for replenishment are 
issued in the evening when the tea shop closes, and supplies reach the shop 
in the morning at opening time. The present inventory policy of the shop is 
aimed at ensuring that the stock every morning (= left over from previous 
day ± replenishment — quantity of goods to be scrapped) should be equal 
to the demand during the previous day( = goods sold ± demand that could 


not be satisfied). 



Quantity (units) 


Figure 18-21. The cumulative demand 
distribution for a given commodity. 


The purchase price is 31.60 per unit, and the sales price is 
§2.40 unit when the goods are fresh. 

$2.00 unit when the goods are one day old. 

$1.20 unit when the goods are two or three days old. 

The goods lose all their value after the third day, and the penalty for not 
meeting demand is $2.00 per imit. 

(i) Comment on the present policy. 

(ii) Find the optimal policy and calculate the amount of saving expected 
if your policy is accepted. 

(iii) It has been suggested that the division of old goods into two classes 
for purposes of sales is too cumbersome and that all goods of one to 
three days old should be sold at $1.20 per unit. What effect would 
this have on the total profit? 

12. Expressions 18-5la and 18-5lb give the loss ratio for the ease when the number 

of underweight products is not expected to exceed 0.15 per cent. Show that 
if a higher mean is selected, the loss ratio will increase; i.e., the amount of 
excess material lost in overweights will be higher than the amount saved 
through reduction of the number of underweights. 

13. A commodity is packaged to customer’s specifications, which state that each 
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product should not be below x 0 in weight. For underweight products there 
is a heavy penalty e x per package, while excess material packed in overweight 
packages costs the producer c 2 per unit weight. The producer has two policies 
to choose from: 

(a) Adjust the mean weight x of the packets until the total cost becomes a 
minimum. 

(b) Introduce an automatic weighing machine that would reject all packages 
under .r 0 in weight. The rejects can be opened and repackaged, and the cost 
involved is c 3 — kc u where k < 1 . The cost of using the automatic inspection 
and sorting machine is c 4 per package produced. 

(i) Find the optimal setting for each of the above policies and state under 
what conditions (assuming the weight distribution is normal) each 
becomes preferable. 

(ii) Supposing x 0 = 1 lb.; or = 0.2 lb.; c x = S5. 00 /package; c.> = $0.40/lb.; 
c 3 — $ 0.60/package; c 4 = $ 0.10/package. Draw curves to show how’ 
the cost changes for each policy, and find the minimum cost for each case. 


14. In the stocks of certain perishables, the loss per unsold unit at the end of the 
cycle is c x per unit, the cost of not meeting demand is c 2 per unit. In the 
analysis in this chapter no account was made for storage costs wdiile the goods 
are in the store, the assumption being that these costs are constant irrespective 
of the batch size. 

Suppose storage costs involve various operations when the goods are 
received in the store; show that 3 : 

(i) When the storage costs are c 0 per unit received, the optimal batch is 
given by 


where € 0 = c 0 /c 2 . 

(ii) When the storage costs are c 0 per unit of average stock, the optimal 
batch is given bv 

‘ cD = 1 ~ 

1 + ~r i € o 


15. If the difference between the sales price and the acquisition cost is z per unit, 
and if it is desirable to maximize the profit of perishable goods replenished by 
the reorder cycle system, show that the profit function is 
Z = aC 2 [£(y 4 - t - 9 - t&) - E] 


where Z is the profit and 



(the other symbols are as used in the text: assume a normal distribution for 
demand), and that the optimal reorder quantity is given by Eq. I8-50a, 
namely, j ^ ^ 


When would you select this solution instead of the one given by Eq. 18-50)? 

3 From “Inventory control: a problem in stocking perishable goods,” by S. Eilon, The 
Production Engineer, April, 1960. 
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In the production of steel bars it was found that for a constant billet input, the 
rolled bar-length distribution was normal, the mean being 51.0 yards and 
the standard deviation 1.60 yards. The bars have to bo sheared to lengths of 
8 yards and 3 yards. It is possible to adjust the mean length of the rolled 
bars between 30 and 60 yards by suitable selection of the input. If the co¬ 
efficient of variation is believed to be constant, what mean bar length should 
be specified for each product ? 

Paper is produced at one mill in rolls 180 inches wide. When narrower rolls are 
required, the 180-inch roll is cut to the appropriate width. The following 
order is received at the store: 

(1) supply: 6,000 yd. - 60 in. wide 

4,000 yd. - 84 in. wide 
3,000 yd. - 124 in. wide 
3,000 yd. - 36 in. wide 
2,000 yd. - 24 in. wide 
2,000 yd. - 12 in. wide 

(2) No roll should be shorter in length than 500 yd. 

Formulate the problem as a linear programing one. 

A quantity Q of semiperishables is held in stock. The goods maintain their full 
value during the cycle, but any residual stock carried over to the next cycle 
loses in value per unit, and if left for a later cycle, it loses a further amount 
of c 2 in value, and so on. After several cycles we find that we have Q q fresh 
units, Q x units one cycle old, Q 2 units two cycles old, and so on. If a quantity D 
is to be withdrawn from the stock, what sequence of issue should be specified 
(i.e. from which classes of goods should the D units be taken) to reduce the 
loss of value to a minimum? 4 

A newspaper vendor buys y papers for 3 cents a copy and sells x copies for 
5 cents a copy. The new T s-stand is located at a railway station where 200 
customers reach the station every morning and buy one paper each. Another 
50 potential customers arrive at the station in a bus, and if it arrives early, 
each customer buys a paper, but if the bus is late, none buys a paper. Assume 
that the bus arrives either too early or too late (i.e., never precisely on time) 
and that the probability of its being early is 50 per cent. 

Find the optimal number of copies y that the vendor should buy in order 
to maximize his profits. Plot the profit function for the range y = 150 to 
y = 300 copies. 5 

Ibid. 

From “The inventory problem,” by J. Laderman, S. B. Littauer, and L. Weiss, American 

tistical Association Journal, December, 1953. 



19 


QUALITY CONTROL 


Quality control is a subject on its own, and several excellent text books are 
available, covering all the different aspects of this field in great detail. Quality 
inspection activities, determination of what is acceptable and what should be 
rejected, evaluation of quality control procedures and techniques—all these 
important responsibilities are not within the domain of the production planning 
and control department. Some aspects of quality control must be a separate 
function, undominated by the interests of executive departments and unbiased, 
so that objective reports about the level of quality can be forwarded to the 
production management. It is obvious, however, that quality control is so 
related to production control procedures, that no treatise on production plan¬ 
ning and control can be complete without a brief reference to it. 

The modem conception of the creation and control of quality, by definition, means 
the development and realization of specifications necessary to produce economically, 
md in adequate degree, the appearance, efficiency, interchangeability and life which 
tvill ensure the product’s present and future market. 1 

This broad definition emphasizes the fact that there are two facets to quality: 
ts creation and its measurement. The measurement function, i.e., the responsi¬ 
bility for determining the facts during and after production takes place, is 
laturallv a very important one, but measurement by itself does not constitute 
control. The facts must be analyzed, the discrepancy between what is desirable 
md what is actually achieved has to be evaluated, so that some positive con¬ 
clusions and guiding principles may be derived and applied at all the stages where 
quality is created, right from the development and design stages to the final 
issembly lines. Hence, the functions and purposes of quality control are: 

To satisfy the customer by endeavoring to comply with the declared specifica¬ 
tions of the product 

To ensure that the work may proceed to the next operation (i.e., to avoid 
superfluous processing of faulty goods) 

To be instructive, so that recurrence of mistakes could be eliminated 

1 Quality, its creation and control (The Institution of Production Engineers, London, 
958). 
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To compare the quality level obtained with the desirable level as a basis for 
process control, detection of trends and process adjustment procedures 
To determine the optimal quality obtainable for available processes and to 
provide useful guides for specifications at the design stage 
To reduce scrap to an economic level 

To facilitate a procedure whereby incentive payments will not be made for 
faulty output 

To make the operators aware of the fact that their work is being inspected 
and that origin of faults can be traced (this usually has a positive psychological 
effect in that operators pay more attention to the quality of their work) 

To allow review of the quantity required, so that allowance can be made for 
faulty work 2 

To evaluate existing inspection methods and design better and more effective 
procedures 

Some aspects of quality were discussed in Chapter 5 in connection with stan- 
*ds specifications in product development and design. Not all quality attri- 
;es are easily definable. Physical dimensions (such as length, area) or physical 
1 chemical properties of materials (strength, weight, composition, etc.) lend 
mselves to straightforward quantitative definitions. All that is required is: 

.. To design comparatively simple and quick testing techniques with which 
se attributes can be measured. 

1. To define what is “good” and what is “bad”; this usually takes the form 
a range within which performance is considered to be acceptable, so that 
ults outside the range render the product unsatisfactory. 

ere are, however, many quality characteristics, which are not easy to define, 
he form of tolerances, such as cleanliness, brightness, whiteness, smoothness, 
Lracteristics of surface textures, irregularities (spots, stains, blemishes), 
te (in food and drink), smell, and softness. Admittedly, some of these charac- 
istics can perhaps be defined and measured by indirect methods. Milk bottles, 
instance, have to be clean before filling, and therefore empty bottles move on 
Dnveyor belt and are inspected before they are passed to the filling machines, 
ten the inspector is a human operator, he may find it extremely difficult to 
ine a satisfactory criterion of cleanliness to guide him in passing or rejecting 
empty bottles. 

furthermore, we often find that standards for acceptance may vary for dif- 
mt operators or even for the same operator at different times of the day. One 
irect way of defining cleanliness would be by the amount of light allowed to 

Example: 1,000 units are required of a product, which passes three processes. It was 
nd that process 1 incurs 3 per cent defects; process 2, 10 per cent; process 3, 2 per cent, 
he quantity to specify is x, after the first process there are only 0.97r unit; after the 
)nd process, (0.97r)0.90; and after the third process, (0.97 x 0.90r)0.98; hence 
0.97 x 0.90 x 0.9$z = 1,000 
x = 1,170 units 
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,ss through the bottle; in other words, it is assumed that dirt consists of 
idesirable material residues that are somewhat more opaque than the clean 
>ttle, so that if the bottle is subjected to a source of light of constant intensity, 
e amount of light passing to the other side will become a measure of cleanli- 
:ss. We need in this case an instrument with which the intensity of the light can 
: measured, and this can be provided by a photoelectric cell located on one 
le of the conveyor, which in turn can be easily connected to a mechanical 
rting device. It is still debatable, however, whether this method is adequate and 
tisfactory for defining and determining the level of cleanliness, and indeed 
th some of the other characteristics mentioned above, the problem of 
finition and measurement becomes even more complicated. 

Stages in Quality Control 

There are seven stages in quality inspection, each designed for a specific 
irpose, and each requiring a varying degree of emphasis in the quality control 
ocedural structure, depending on the type of industry, size of plant, type of 
oduction, the intricacy of operation sequences, reliability of the processes, etc. 

spection of incoming materials and bought out components 

It is necessary to ensure that the materials and components bought outside 
e not inferior and are not likely to jeopardize the performance of the final 
oduct in any w r ay. The inspection is carried out at two separate points, the 
Lrchaser’s and the vendor's plants. 

spection at the purchaser's plant 

Before the materials and components are allowed to enter the regular stores, 
e of three methods are employed. 

1. Complete, or 100 per cent inspection: this is tedious, lengthy, and costly. 

2. Sample inspection: the sampling procedure is so designed as to ensure 
ieetive detection of deviations from the specifications at reasonably low costs 
;e acceptance sampling). 

3. A combination of the two methods is used, the procedure being basically 
e of sampling but allowing for bigger samples or even 100 per cent inspection 
be undertaken should the percentage or number of defects exceed a pre- 

termined level (a provision is often made that extra costs incurred by 100 per 
nt inspection are to be borne by the vendor). 

ispection on the vendor's premises 

Apart from the vendor’s own inspection the purchaser’s inspectors may check 
e processes and operation conditions (e.g., temperature and pressure of 
aterials during the operations) to ensure that these conform to methods and 
ocedures previously agreed upon. Inspection at the vendor s end greatly 
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educes, although it does not always completely eliminate, inspection at the 
urchasers end. 

Once the inspection results are known, they can be used to: 

1. Authorize admission to the stores and payment to the vendor, or refusal 
3 accept with all the consequences (return to vendor for further processing, 
‘gal actions, etc.). 

2. Evaluate to what extent the specifications as laid down are realistic. 

3. Evaluate vendor’s reliability with respect to quality. 

4. Study alternative quality inspection procedures. 

ispection of facilities 

The next stage is to verify whether the production facilities are up to an 
eceptable standard of performance, and this responsibility rests with the 
laintenance department. A record card is kept for each machine so that a 
omplete history of the machine is available at all times, to tell us the frequency 
nd type of breakdowns, details about repairs, etc. Inspection of the machines is 
irried out at regular intervals (in conjunction with preventive maintenance) 
nd whenever there are complaints from operators or the quality control depart- 
lent about inconsistencies in performance, too frequent settings and adjust- 
lents, and so on. These records are very useful when comparing the desirable 
roduct specification with the capabilities of the machines and in studying 
ptimal maintenance schedules. 

First-off” inspection 

The first component (or several first components) of a batch or a production 
an must be very carefully inspected in order to determine whether machines 
re properly set for production. The responsibility for first-off inspection rests 
ith the inspection department, and in shops engaged on job or batch production, 
} is not uncommon to find '"first-off inspectors” whose sole responsibility is to 
scertain that the first units coming off the line conform with the specifications 
lid dowm. Normally, the operator does not proceed with production, unless he 
ets the inspector's approval of the first units. 

This procedure ensures that no scrap is meanwhile produced and that further 
lignment of the machines is carried out before full-scale production is embarked 
pon. However, it implies that the operator is idle from the moment the first-off 
omponent is finished until the inspector gives his final decision, and this may 
eeome a serious problem in a shop where many first jobs have to be frequently 
ispected by a comparatively small number of inspectors, so that first-off jobs 
re made to wait in a queue until an inspector becomes available to inspect them. 

ispection by self-control 

The ultimate responsibility for the standard of quality rests with the operator 
ho makes the product and this is why inspection by self-eontrol, whenever 


Quality Control 529 


isible, is to be greatly encouraged. The operator is acquainted with the 
cifications of his work, and where quality characteristics are well defined 
mtitatively, he can often apply a few simple checks to his finished work, so 
<t he can^ take corrective action immediately on his own initiative. Self- 
itrol is particularly desirable whenever the work cycle involves operator idle 
Le to such an extent that by imposing an independent task on the operator 
ch as an inspection), the cycle time would not be expected to increase. The 
rantages of self-control are numerous: 

Production, inspection, information, and adjustment follow in rapid succession; 
there should be no delay in responding to any deviations from the specifica¬ 
tions, as this self-regulating mechanism has both the authority to originate 
information about errors and to take steps to eliminate them. 

If self-control is carried out conscientiously, less scrap should be expected. 

The operator may be held fully responsible for the quality of his work because 
he does not have to w r ait for the inspection department to tell him how well 
he is doing. 

Operator time is better utilized and less inspectors are required. 

pectors 5 control after operations 

self-control reduces the amount of control to be exercised by inspectors, but 
loes not eliminate it, since self-control may be biased, especially in cases of 
mient by output. Inspection of components should be carried out as close in 
Le to the operation as possible, if the inspection is to be effective and if the 
i of having many faulty components as work in process is to be eliminated. 

example of delayed inspection was given in Chapter t in Fig. 7-13a. where 
; layout provided for a special store of finished assemblies awaiting inspection. 
ien serious deviations from the specifications occur, a considerable amount of 
shed assemblies may be faulty before this fact is discovered. In Fig. 7-13b 
i inspection is integrated into the line and response is appreciably quicker, 
jure 7-14 is another example of prompt inspection, the inspector's bench 
ng located right in front of the machine. 

inspectors may either be assigned to check particular operations or be charged 
rh a variety of tasks, depending on the amount of work involved. Static 
pectors, assigned to particular jobs, are more common when 100 per cent 
pection is required, and then integration into the production line (as suggested 
the example in Fig. *7-13b) is highly desirable. When only a certain percentage 
bhe work is inspected, it is common to find patroling inspectors, who wander 
m one production center to another, either in a regular or a random fashion, 
some case studies, it was found undesirable to assign to the same inspectors 
)h first-off tasks and routine inspection responsibility because of the excessive 
3 time incurred by machines after first-off jobs waiting for inspector's appro- 
. With the introduction of some priority rules for inspection, however, this 
ration can be somewhat improved. 
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inal inspection 

The main purpose of final inspection is not so much to provide data for 
nmediate action as it is to ensure that only products of a predefined quality 
/andard are allowed to leave the plant and be offered to customers. Its second 
nportant function is to provide a basis for evaluation of quality performance 
a a somewhat broad basis. This evaluation will include the critical study and 
)mparison of processes, reassessment of inspection procedures along the line, 
ilculations of amount of faulty work and scrap, and their effect on the cost 
aalysis. 

An example of a final inspection layout was illustrated in Chapter 7 in Pig. 
-15, where inspection stations are located along a conveyor line, each station 
aecks certain characteristics and (if the product does not satisfy the specifica- 
ons) stops its advance to the next processing station. 

ost-sales quality evaluation 

The product may have passed the final inspection, but does it render satis- 
ntory service? The study of post-sales quality may follow several lines of 
ivestigation: 

1. How many rejects were returned by customers? How can the defects be 
assified? Which defects may be attributed to the storage period after produc- 
on and final inspection? How could defects pass all the inspection barriers 
dor to sales? 

2. How many claims w r ere there for servicing at the customer’s end after 
Lies; what types of repairs w r ere required and what is their significance? 

3. What inferences about the quality of the product in use can be made from 
istomers’ reports? 

4. What conclusions may be drawn from after-sales surveys? 

Acceptance Sampling 

When we purchase materials or subcontract work, we have to decide upon an 
ispection procedure by means of which we can check whether the goods con- 
>rm to the specifications. As mentioned above, we can either resort to 100 per 
snt inspection or to sampling techniques. Complete, or 100 per cent, inspection 
usually considered to be more reliable, although there is ample evidence that 
is by no means foolproof. Even competent inspectors err from time to time, 
issing faulty articles and rejecting good ones, and errors seem to mount when 
Le inspection task is highly repetitive and exceedingly boring. Furthermore, 
)0 per cent inspection is fairly' expensive, since every single unit requires 
mdling, unpacking, and perhaps repacking, and is thus time consuming. 

robability of finding defectives in a sample 

In acceptance sampling, decisions about the quality of the goods are made on 
e basis of a comparatively small sample taken from each consignment or lot. 


Quality Control 531 


the sample conforms to the specifications, the whole lot is accepted; if it does 
)t, the whole lot is rejected. In this way routine and boredom are eliminated, 
id there is a good chance that inspection will be carried out with great care and 
Lat results will be both reliable and fairly quick. 

There is, however, a certain amount of risk involved in accept an ce sampling: 
s the sample is taken at random from the lot, it is possible that it will not possess 
Le same qualities as the lot, and if the sample fails to reveal defective compo- 
snts, the purchaser may accept a lot which in fact cont ains too high a per- 
mtage of defectives (this is the purchaser’s risk). Alternatively the sample may 
mtain too many defective items, leading to rejection of a lot that in fact has a 
wer percentage of defectives than a predetermined critical level (this is the 
mdor’s risk). 

What are the chances that the sample will reveal defective articles l Supposing 
e have a lot of 1,000 units, 100 of which are known to be defective. If a sample 
' n units is taken, and if the sample were to reveal the true character of the lot. 
e wnuld have obtained after inspection 0.9ft good units and 0.1ft defectives, 
he probability that a unit taken from the lot at random would be a good one is 
90; that it wnuld be a faulty one, 0.10. The chances that two units taken in 
Lccession wnuld be all right are 0.90 X 0.90; the chances for three good units in 



Figure 19-1. Probability of accept¬ 
ing a lot ichen the sample size is 5 
and ichen a lot is accepted , provided 
no defectives are found. 


row are 0.90 s , etc.; and the chances that the sample of five units will contain 
, defectives is 0.90 s = 0.590. In short, the probability that a sample of n 
lits will have no defectives is given by q n , where q is the actual proportion 
: good articles in the lot. If the sampling plan calls for rejection of the lot, 
tould it reveal even one defective, the chances that it will be accepted when it 
>es contain defective items is shown in Fig. 19-1, which indicates (for n = 5) 
ie risk involved to the purchaser by using this particular method. 
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What are the chances that the sample will contain one defective, or two, or 
three? The answer is given by the expansion of the binomial expression (p + q) n , 
where 

p = proportion of defective articles in the lot 
q = proportion of good articles in the lot (note that p + q = 1) 
n = number of units in the sample 

The chances that r units will be defective in the sample are given by the term 
Qn*p r Q n ~ r * or by 


In the example cited above for a sample of five units, w r e have p = 0.10, 
q = 0.90, n — 5, and the probabilities for revealing rejects are given in the 
accompanying table. 


No. of Defectives 
r = 0 * 

1 


•> 


Probability 

0 . 90 5 = 1 X 0 . 90 5 = 0.590 

01 o! 

j^O .10 x 0 . 90 4 = 5 x 0.10 x 0 . 90 4 = 0.328 
^^ 0 . 10 2 x G. 90 3 = 10 x 0 . 10 2 x 0 . 90 3 = 0 . 07.3 


3 

4 

5 

* By definition, 0 ! = 1 . 


^ 0 . 1 Q 3 x 0 . 90 2 = 10 x 0 . 10 3 x 0 . 90 2 = 0.008 

-^ 0 . 10 4 x 0.90 = 5 X 0 . 10 4 x 0.90 = 0.0005 
51 

—-0.10 s = 1 x 0.10 s = 0.00001 

o! 0! 

Total = 1.000 


Some sampling plans specify acceptance if no more than a certain number of 
defectives is found in the sample. If in the above example no more than one 
defective per sample is allowed, the probability of acceptance is the sum of 
probabilities for r = 0 and r = 1, or 0.590 + 0.328 = 0.918. Thus the risk for 
the purchaser increases accordingly, as suggested in Fig. 19-2, where the lower 
curve stands for the probability of acceptance when r = 0 (as in Fig. 19-1), the 
the second curve is for r — 1, and the top curve is the sum of the other tw T o. 

The purchaser is naturally interested in reducing his risk as much as possible. 
The producer, too, wants to minimize the risk of his products being turned down 
on poor evidence. But both sides realize that absolute certainty can be attained 
only with 100 per cent inspection (assuming no errors in inspection), which is 
far too costly. This, in short, is the purpose of acceptance sampling: to provide 


i 



Quality Control 533 


economic procedures that have a fairly good chance of revealing the true 
character of the lot, and thus become a part of a formal agreement between 
vendor and purchaser as to the definition of quality and determination of whether 
the lot complies with it. 



Percentage defectives in the lot 


Figure 19-2. Probability of accept¬ 
ing a lot ichen the sample may 
contain no more than the defective 
sample size, n — 5. 


Sampling plans 

The two main factors that characterize acceptance sampling procedures are 
the sample size and the sampling plan, or the number of successive samples that 
need be taken in the process of arriving at a final decision about the quality of 
the lot. Determining the sample size as a certain percentage of the lot is common 
when the lot is comparatively small; otherwise the sampling plans usually call 
for a certain number of units to be inspected, irrespective of the lot size. As for 
sampling plans, they may be classified into three broad groups (see Fig. 19—3). 

Single sampling plans 

One sample consisting of a certain number of units n is inspected. If the 
number of defectives found is below or equal to a certain predetermined accept¬ 
ance limit, r, the lot is accepted; if the number of defectives exceeds this limit-, 
the lot is rejected. 

Double sampling plans 

A sample of n units is inspected. If the number of defects is below r l5 the lot 
is accepted; if it is above a second limit, r 2 (where r 2 > rq), the lot is rejected. 
If the number of defectives falls between r 1 and r 2 , the result is inconclusive and 
a second sample is taken. The rule now becomes similar to that of a single 
sampling plan: If the total number of defectives of the two samples is below a 
predetermined limit r z , the lot is accepted; otherwise it is rejected. 
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Multiple or sequential sampling plans 

This is similar to the double sampling plan except that with the second sample 
we have again an inconclusive range between r 3 and r 4 . Below r 3 , the lot is 
accepted; above r 4 , it is rejected; and if the total number of defectives is between 
r 3 and r 4 , a third sample is taken; and so on. Eventually, after a number of 
samples, the inspector must come to a final decision, and one critical limit is set 

n,+n 2 t 


0 


Reject 


Accept 


(i) A Single 
Sampling Plan 



Reject 


5nr 


Accept 


4n 


(ii) A Double 
Sampling Plan 


3n 


2 n T 


Reject 

Take 2nd r 4 
sample 


Accept 


Reject 


Take 3rd r 6 
sample 


Accept 


Reject 


Take 4th 
sample 


Accept 


'8 


Reject 


Take 5th 
sample 


Accept 


Reject 


Accept 


(iii) A Multiple Sampling Plan 

Figure 19-3. Single , double, and multiple sampling plans . 
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of the multiple sampling scheme has to be-used. The advantage of the single 
sampling plan is that it is simple to use and to explain, while the multiple 
schemes are usually more economic to use. 

Acceptance sampling is one of the factors that figures prominently in assessing 
the reliability of vendors or subcontractors. The other main factors are compli¬ 
ance with delivery dates and supply of the quantities specified in the orders. 
An example of a vendor’s card record is shown in Fig. 19-5. 


VENDOR: 

ADDRESS: 

COVERING PERIOD FROM _ TO 

ORDER 

NO. 

PART 

NO. 

SCHED. 

DBJVBiY 

ACTUAL 

DELIVERY 

QUANTITY 

ORDERED 

QUANTITY 

RECEIVED 

SAMPLING 

PUN 

NO. 

INSPECTED 

DEFEC¬ 
TIVES IN 
SAMPLE 

X 

DEFEC¬ 

TIVES 

DECISION 

X DEFECTIVES 

0 I 2 3 4 5 6 7 

209 

J/191 

4/1 

V/ 

6,000 

6,000 

D-i ,n 

SO 

1 

2.0 

A 



L_ 





218 

ME/S2 

4/20 

4/22 1 

e, mo 

6,000 

D-f 

150 

4 

2.7 

A 



5 





23! 

J/180 

s/i 

4/25 

5,000 

5,000 

0-1 

ISO 

5 

3.3 

A 








233 

J/I80 

5/5 

5/4 

4,000 

4,000 

D-l 

150 

7 

4.7 

s< 2) 





h 
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5/9 
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150 
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6.0 
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Figure 19-5. Vendor's record card. 


Process Capability 

Every production engineer knows that repetitive production cycles (seemingly 
identical in their conditions and governing parameters) result in products that 
ire not identical in their characteristics. The reason for this is simply that the 
production cycles are not really identical in every respect. First, the raw materials 
rary slightly in their properties from batch to batch, and these variations may 
iffect the properties of the final product. Secondly, operators are different from 
?aeh other in their skill, performance, aptitude, and interest in their work. 
Fhirdly, the parameters of the operations may change from cycle to cycle, as 
nay the speeds, the motions of the operators, and the characteristics of the 
;ools and machines. Fourthly, external conditions such as temperature, pressure, 
ight, and humidity may vary. These causes for variations in the production 
xrocess are summarized in Fig. 19-6. 
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Lerent process variability 

Che inherent variabilities of production processes have long been recognized; 
Lee the specifications of tolerances. In specifying physical dimensions, 
sngth, density, composition, etc., an ideal quantity is indicated, but at the 
le time it is pointed out that deviations from this ideal figure will be tolerated, 
•vided they remain within predetermined limits. One of the purposes of 
ility control is to decide whether these tolerances are compatible with the 
erent variabilities of the processes. 



Figure 19-6. Causes of variation in the production process 
according to A . Bald . (Courtesy EPA, Paris; reproduced from 
the OEEC pamphlet, “Statistical Quality Control,” 1956) 


Process variability is often demonstrated by a pinball device, as shown in 
r. 19-7. Steel balls or beads are let from a store through a hopper onto an 
ay of pins. The balls get knocked about by the pins as they fall; sometimes 
y are pushed to the right, sometimes to the left, until eventually they are 
Lected in the grooves at the bottom part of the device. The distribution of 
Is in the grooves (see bottom of Fig. 19-7) is said to be analogous to the 
quency distribution of a batch of components when they are classified, say, 
ording to their outer dimension. The peak of the distribution (or the groove 
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that has the largest number of balls) corresponds to the dimension that occurs 
most often, the grooves on the right representing larger dimensions, and the ones 
on the left, smaller dimensions. 



Figure 19-7. .4 pinball device to illustrate process 

variability. (Courtesy EPA, Paris; reproduced for the 
OEEC pamphlet, “Statistical Quality Control,” 1956) 


If a large enough number of balls are fed through the hopper, or if a large 
enough number of components are gaged, the results would usually be repre¬ 
sented by the normal (or Gaussian) distribution, as shown in Fig. 19-8. Because 
it is so common, the statistical procedures in quality control are based on the 
characteristics of this distribution. A table for the standard normal distribution 
is given as in the Appendix to this book, from which the reader will observe that 
(see Fig. 19-8): 

Within the limits +0.67a of the center line there will be 50% of the cases 
Within the limits +a of the center line there will be 68.3% of the cases 
Within the limits ±2 a of the center line there will be 95.5% of the cases 
Within the limits ±3 a of the center line there will be 99.7% of the cases 
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here <r is the standard deviation of the distribution. This, in fact, is the basis 
r control charts in quality control, in which 4i3cr limits are usually adopted; in 
her words, we expect 99.7 per cent of the results to fall within the —3a limits, 


! 



ad if results begin to appear beyond those limits, we begin to feel uneom- 
mtable. 

In using statistical methods for process control, we attempt to distinguish 
etween two sources of variability: 

1. Inherent process variability, caused by the factors shown in Fig. 19-6. 

2. Additional, so to speak, “external” causes that result in consistent trends 
or shifts of the mean value of the measured attribute. 


The inherent process variability cannot be removed unless some basic change 
the conditions is introduced, such as an over-all repair or a change of machines. 

long as the process variations are confined to the inherent process vana- 
ity the process is said to be in statistical control, and the study of this 
lerent variability reveals whether the process is capable of producing vork 
thin the specifications. Figure 19-9 shows the process variabilities of two 
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machines A and B. Machine A has a far narrower spread than that of machine B, 
the spread being determined by 6cr of the corresponding frequency distribution 
(i.e., the machine is expected to produce work within this range in 99.7 per cent 
of the time). Suppose the specified dimensions of the component are z±a. If 
the tolerances are narrower than the process variability of machine B but wider 
than that of machine A, i.e., 

6cr^ <2 a < 6as 

as shown in Fig. 19-9, and provided the mean dimension of the products can be 
made to coincide with x , then we may conclude that: 

1. Machine A is more suitable than machine B ; even small shifts in the mean 
dimension will not result in any appreciable amount of scrap. 

2. Machine B will produce a certain amount of defectives and may be used if 
100 per cent inspection is undertaken to sort out the good from the bad after 
production. 



Figure 19-9. Process capability . 


These remarks should not be interpreted to mean that the narrower the process 
variability, the better. If in the above example 2 a > 6<tb, machine B is perfectly 
capable of handling the job, and we may find that by assigning it to machine A, 
we are using a machine that is far too precise, and too costly. The study of 
process capability is, therefore, an economic problem that has to take into 
account the chances and effects of shifts in the mean, the cost of operating the 
machines, the cost of sorting w T hen 100 per cent inspection becomes necessary, 
and the loss due to scrap. 
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Lnalysis of capability 

Process capability studies are carried out by three methods: 

1. Analysis of control charts of past performances, from 'which one can find the 
fc3a limits of the process for different types of work (control charts are described 
iter). 

2. Conducting a trial run for 100 pieces of a representative component and 
ecording the dimensions in a form of a frequency distribution, from which the 
lean dimension X and the standard deviation a are calculated bv 


x = - y fx 

n ~ 


J 


If X s 


X 2 


(19-1) 


(19-2) 


here X — actual dimensions 

/ = frequency of occurrence of each dimension 
n = total number of measurements (in this case 100) 
iii example is shown in Table 19-2. 
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ire 19-10. Example for a provisional determination of machine capability iFroiu 
spection in Industry,” a Productivity Report, courtesy British Productivity Council, 19o3) 
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3. Calculation of the standard deviation through sampling, by taking, say, ten 
samples of five units each. An example is shown in Fig. 19-10, in which instruc¬ 
tions for use have been incorporated. 


Table 19~2 

Determining Process Variability by a Trial Run of 100 Units 


Dimension 

j Deviation x 





X 

from 0.500 

Number Found 

Frequency 

fx 

fx % 

(inch) 

(X 10~ 3 inch) 


f 



0.490 

-10 

! 

1 

-10 

100 

0.491 

- 9 


0 

0 

0 

0.492 

- 8 

1 

1 

- 8 

64 

0.493 

- 7 


0 

0 

0 

0.494 

- 6 

1 

1 

- 6 

36 

0.495 

- 5 

1 

1 

- 5 

25 

0.496 

- 4 

II 

2 

- 8 

32 

0.497 

- 3 

III 

3 

- 9 

27 

0.498 

- 2 

II 

2 

- 4 

8 

0.499 

- 1 

mi 

6 

- 6 

6 

0.500 

0 

mm 

8 

0 

0 

0.501 

+ 1 

mmm 

15 

15 

15 

0.502 

+ 2 

mmmm 

20 

40 

80 

0.503 

+ 3 

mmm 

15 

30 

135 

0.504 

+ 4 

mm 

8 

32 

128 

0.505 

4- 5 

mi 

6 

30 

150 

0.506 

+ 6 

mi 

4 

24 

144 

0.507 

+ 7 

in 

3 

21 

147 

0.508 

4- 8 

ii 

2 

16 

128 

0.509 

4- 9 

i 

1 

9 

81 

0.510 

4-10 

i 

1 

10 

100 

Total 



100 

S/a: = 171 

S/a: 2 = ! 


171 

x “ Too 

1.71; X = 0.500 + 0.0017 

~ 0.502 



(X 


J- 


1,406 

100 ~ 


1 . 71 2 = 


3.32 


hence process variability is 6 a = 19.9 thousandths of an inch. 


Process Control 

One of the difficult tasks in quality control is to determine how and at what 
stages in the production sequence .to apply process control. Yet, this is very 
important for obvious reasons: Exercising quality control where it is likely to 
yield little benefit is a waste of time and money; furthermore, quality control 
often involves the collection of great masses of data, some of which may be 
absolutely vital for analysis, some of which may later prove to be utterly super¬ 
fluous. How much data should be collected, bearing in mind that data collection 
and record keeping is rather an expensive business? 
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Quantity and quality of data 

Naturally, no clear-cut answer can be given to this problem, except that the 
amount of data collected should be geared to the amount of variations that occur. 
The more stable the conditions that govern an operation, the less observations 
are required to provide adequate information about its parameters. But precisely 
how much information? That depends on the level of quality of the final product, 
on the company’s policy regarding quality, on whether processes demand more 
urgent attention; in short, it depends on an ad hoc evaluation of the quality 
situation in the plant. 

Process control is greatly aided by continuous measurement of relevant 
parameters that govern the process. Fairly common in industry are measure¬ 
ment and recording of temperature, pressure, humidity, velocity, forces, etc., 
and operators and machines are often guided by time devices to tell them when 
to start and when to stop an operation. Figure 19-11 is an example of a record 
of torque measurement in the mixing of dough in the food industry. The curve 
shows how the consistency of the dough increases with time during the “develop¬ 
ment” period, maximum consistency is maintained during the “stability” 
period, after which the consistency begins to fall. The change in the consistency 
characteristics of the dough with mixing time, as shown by the graph, facilitates 
i process control through which dough with desirable physical properties can 
>e obtained. 


T7—i— 7 -7-7— 

~T 

---7—- ? - 

Development' - f - 

1 / ^“Stability 

L4 

/Bi6Q kdow n 

^=£= 

_! | (i -- 





3a_3_ 

Maximum W A _ \ _ 1 _ 



~ \ 


\ 

\ \ . .. 

rrr \ \ 

31 

\ V 

0 5 

10 

15 20 


c 

o 

u 


Mixing time, min 


Figure 19-11. An example of pro¬ 
cess control — mixing of dough . (From 
“Quality Control in the Food Industry,” 
by J. H. Bushill, Journal of the Institution 
of Production Engineers, December, 1951). 


Another example is shown in Fig. 19-12, which is a similar record of pressure 
neasuren e .ts in the mixing of rubber in a mill prior to tire making. The raw 
naterial in this case was manually fed into a rolling mill, and as the rollers ran 
,t different speeds, the effect of the rolling was to spread the material on one 
oiler as a thick sheet. The operator’s task was to peel off this sheet repeatedly 
nd refeed the material to the mill in order to obtain rubber of even consistency, 
n feeding the material, pressure was applied to the rollers, and this is shown in 
•fig. 19-12 by the fluctuating curve. The total time of the operation for mixing 
ne 200-pound load of rubber is given by one cycle of the graph. 

Records of this kind may be very useful and instructive in studying optimal 
►rocess conditions. The rolling mill for the rubber, for instance, was run 24 hours 
day by three operators. The mixing time per load was specified in the instruc- 
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tion sheet as 14.5 minutes (including the initial loading operation and final 
unloading), but the total output figures suggested that the cycle-time was in 
fact significantly different and that, on the average, a load was not kept in. the 
mill as long as it should have been. 


T 


-Cycle time 



Figure 19-12. An example of process control— mixing time of 
rubber in a mill in the manufacture of tires. 

Analysis of the records for mixing time per load showed great variations 
between the operators and also that the variations in performance for each 
operator were rather wide, as suggested by Fig. 19-13. Since the beginning and 
end of each cycle was solely determined by the operator and since he had no 
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Figure 19-13. Cycle-time variations of three operators working on a mill for 
mixing rubber—before training . (Cycle-time specified in the job card = 14.5 minutes.) 
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timing device to tell him how long he had been mixing any particular load, the 
results were not really surprising. After these findings had been explained to 
the operators, their performance greatly improved (as suggested by Fig. 19-14), 
but the need for training and introduction of timing devices (using a bell or a 
system of lights) to guide the operators was definitely indicated. This example 
shows how process control can be instructive and can lead to improved per¬ 
formance. 



10 11 12 13 14 15 16 17 18 19 
Minutes 



10 11 12 13 14 15 16 17 18 19 


Minutes 




Figure 19-14. Cycle-time variations of the three operators — after some training . 

(See Figure 19-13). 

Control Charts in Statistical Quality Control 

Three charts are commonly used in statistical quality control: 

1. AT and R chart, for process control 

2. p chart, for analysis of fraction defectives 

3. c chart, for control of number of defects per unit 

The descriptions that follow must of necessity be brief, and for a thorough study 
of these tools and the statistical theory on which they are based, the reader is 
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rised to consult special treatises on quality control, some of which are men- 
led in the reference list at the end of the chapter. 

3 X and R chart 

Che purpose of this chart is to: 

Establish whether the process is in statistical control, in which case the varia¬ 
tions are attributed to chance. The variability that is inherent in the process 
cannot be removed, unless there is a change in the basic conditions under 
which the process is operating. 

Guide the production engineer in determining whether the process capability 
is compatible with the specifications. 

Detect trends in the process, so as to assist in planning adjustment and resetting 
of the process, or to show when the process is out of control, in which case an 
effort must be made to trace the causes for this phenomenon. 

"he procedure is as follows: A number of samples of components coming out 
he process are taken over a period of time, each sample consisting of a number 
units taken at random. For each sample the average value X of all the 
isurements and the range R (= the difference between the highest and the 
est reading) are calculated. The grand average X (= the average value of all 
averages X) and the average range R (= the average of all the ranges R) 
then found, and from these we can calculate the control limits of the X and 
sharts, in which UGL is the abbreviation for upper control limit and LCL 
lower control limit. 

: chart: UCLl = J + A 2 R 

LCL X = X - A 2 R 

l chart: UCL R — D A R 

LCL R = D 3 R 

ire the factors A 2 , Z) 4 , and Z> 3 naturally depend on the number of items per 
pie; the larger this number, the closer the limits. Table 19-3 gives values for 
le factors for various sample sizes (the symbols being those conventionally 
1 in statistical quality control), based on the assumption that the distribution 
irmal. As long as the X and R values for each sample are within the control 
ts, the process is said to be in statistical control. 


Table 19-3 

Factors Used in the X and R Quality Control Charts 

(based bn normal distribution) 


r o. of Items in Sample 

A z 

D 3 

Da 

2 

1.88 

0 

3.27 

3 

1.02 

0 

2.57 

4 

0.73 

0 

2.28 

5 

0.58 

0 

2.11 
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Table 19—3 ( continued) 

Factors Used in the X and R Quality Control Charts 

(based on normal distribution } 


No. of Items in Sample 

A 2 

D 3 

d 4 

6 

0.48 

0 

2.00 

7 

0.42 

0.08 

1.92 

8 

0.37 

0.14 

1.86 

9 

0.34 

0.18 

1.S2 

10 

0.31 

0.22 

1.78 

11 

0.29 

0.26 

1.74 

12 

0.27 

0.2S 

1.72 

13 

0.25 

0.31 

1.69 

14 

0.24 

0.33 

1.67 

15 

0.22 

0.35 

1.65 

Control chart for X: UCL X = 

X -r A 2 R 



LCL X = 

X - A 2 R 



Control chart for R: TJCL R = 

d a r 




LCL R = D a R 

Example 

In the production of an aluminium strip by a rolling process, the specified 
bhickness being 0.250 (±0.010) inch, samples were taken every 30 minutes for 
thickness measurements, which are given in Table 19-4. Five measurements 
were taken per sample; the average X per sample and the range JR are shown in 
the last two columns. The grand average is 


= _ 2X 6,300 
X ” N ~ 25 


10“ 3 = 0.252 in. 


where N is the number of samples taken and the average range is 


5 ^ 

r = ~n 


— 10-3 - 0.0224 in. 
25 


From Table 19-3 we find that for sample size of five items. A 2 = 0.5S; D 3 = 0: 
D 4 = 2.11. Hence 


Table 19-4 


Samples of Aluminium Strip Thickness Taken Every 30 Minutes 


Sample 

Five Measurements Per Sam pie 

.4 rerage 

Range 

No. 

(in thousandths of one inch ) 

{X) 

(R) 

1 

248 

264 

250 

262 

256 

256 

20- 

2 

236 

269 

258 

240 

252 

251 

33 

3 

251 

235 

258 

247 

239 

246 

23 

4 

255 

263 

259 

256 

257 

258 

S 

5 

262 

250 

266 

269 

23S 

257 

31 

6 

258 

263 

244 

243 

242 

250 

21 

7 

247 

251 

249 

240 

253 

248 

24 - 
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Table 19 4 {continued) 

Samples of Aluminium Strip Thickness Taken Every 30 Minutes 

Sample Five Measure.me.ntn Per Sample Average Range 

No. [in thousandths of one inch) (R) (R) 


8 

242 

237 

236 

251 

249 

243 


25 • 

9 

270 

254 

266 

258 

262 

262 


16 

10 

242 

239 

238 

260 

246 

245 


34 , 

11 

250 

264 

252 

251 

253 

254 


14 

12 

265 

248 

251 

247 

249 

252 


18 

13 

255 

266 

264 

258 

262 

261 


11 

14 

258 

243 

250 

257 

267 

255 


24 

15 

248 

267 

261 

250 

264 

258 


19 

16 

235 

250 

236 

237 

237 

239 


15 

17 

251 

258 

236 

270 

260 

255 


34 

18 

245 

261 

240 

245 

249 

248 


36 . 

19 

250 

257 

256 

253 

254 

254 


7 

20 

235 

235 

255 

235 

235 

239 


20 

21 

255 

255 

241 

245 

254 

250 


40 v 

22 

270 

244 

269 

262 

265 

262 


26 

23 

269 

246 

258 

250 

257 

256 


23 

24 

253 

246 

251 

260 

245 

251 


15 

25 

240 

263 

257 

241 

249 

250 


23 

Total 






XX = 6,300 

XR 

= 560 


UCL X = . 

X + a 2 r 

= 0 . 

252 + 0.58 

X 0.0224 :=r= 

0.265 



LCL X = X - A 2 R = 0.252 - 0.58 x 0.0224 - 0.239 
UCL R = D,R = 2.11 x 0.0224 = 0.0473 
LCL R = D 2 R = 0 

figure 19-15 consists of three charts: 

1 . Individual measurements; this chart gives a general picture of the dispersion 
of results. 

3 * R chart ) ^ rom these we see that the process is in statistical control. 

The control procedure associated with the X and R charts is summarized in 
?ig. 19-16. Having drawn the charts and the control limits, it is necessary to 
letermine whether the process is in statistical control. If it is not, there must be 
n external cause that throws the process out of control, a cause that is beyond 
he “natural” inherent variability of the process. This cause must be traced and 
liminated so that the process may return to operation under stable statistical 
onditions. Reasons for the process being out of control vary from faulty tools, 
- sudden significant change in properties of new materials in a new consign- 
tient, breakdown of the lubrication system, faults in timing or speed mecha- 
isms, etc. Tracing these causes is sometimes simple and straightforward, but in 
ome cases it may be a rather lengthy and complicated business, especially 
dien the process is subject to the combined effect of several external causes 
imultaneously. 
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the process is found to be in statistical control, a comparison between the 
lired specifications and the process capability may be carried out to deter- 
e whether the two are compatible. Should the specified tolerances prove to be 
tight for the process capability, there are three possible alternatives: 

Re-evaluate the specifications: Are the tight tolerances reallv necessarv 
effective performance, or could they, perhaps, be relaxed with no detriment 
he quality of the product? 

If relaxation of the specifications is not acceptable, perhaps a more accurate 
;ess should be selected for the purpose? 

If both the previous alternatives are out of the question, a 100 per cent 
ection must be undertaken, to sort out the defective products. 


ivdual 0.270 
rements ^„ 

0.265 
0.260 
u> 0.255 
| 0.250 
“ 0.245 
0.240 
0.235 

0.265 
0.260 
0.255 
-g 0.250 
” 0.245 
0.240 
0.235 



• 


• • r 

. • r Upper spec. limit 

* * * : 

. • 

• 

• ■ 1 I : Spec. 


* i 

, : 1 

• « 

• • 

^ Lower spec, limit 

—i ? x i 

■ j 

1 m i 

» « t i i 

j 



chart 


1 3 5 7 


9 11 
Sample number 


1 3 5 7 9 11 13 15 17 19 21 23 25 

Sample number 


chart 


UCLX 


-Upper spec. 

* 


• 

j 


• . 

X 

-— Spec.* 

i * 



• * + 

- ' | • ! 




Lower spec. 



Lax 



Figure 19-15. X and R control charts. {See Table 4} 
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The X and R- charts are also useful for the purpose of detecting trends in 
•oduction, causing a consistent shift in the mean X. Tool wear and the need for 
setting machines often account for such a shift, and it is essential to determine 
hen machine resetting becomes desirable, bearing in mind that too frequent 
tjustments are a serious setback to production output. 


Take adequate number 
of samples 

Calculate ^ X, R for 
each sample 

Find X , R 

Determine control limits 
Draw X and R charts 


Is process in statistical control? 


If “yes” 

I 

Is process compatible 
with specifications? 


If “yes” 

1 


Continue 


sampling 


:or process control 
Detect trends in X 


If “no” 


Study following 
alternatives. 


-(1) Review specs 
-(2) Change process 


If “no” 

I 

Trace^cause 

Remove cause 

->- 

„ . T 

Continue sampling 

Draw X and R charts 


Determine when to 
reset process 


1 — (3) 100% inspection 


y: 


j 


Is process in control? 


Figure 19-16. Control procedure for X and R charts . 


Figure 19-17 shows four examples of X charts. The first three illustrate the 
lationship of process variability to the specified tolerances; the fourth chart is 
i example of an adequate process, from the point of view of the specifications, 
it there is a consistent shift in X, which makes it necessary to reset the machine 
riodically in order to bring down the value of X to a desirable level. This shift 
X is caused by some basic change in the process conditions. Using the pinball 
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ievice in Fig. 19-7 as an illustration, there is a change in the distribution of 
balls collected in the grooves when the hopper feeds the balls from a different 
position (as shown in Fig. 19-7b). Resetting of the hopper’s position is required. 



Sample number 


Figure 19-17. Examples of X charts. 

(a) Process variability comparatively small. 

(b) Spread is wider, but still adequate. 

(c) Process not compatible with specifications. 

(d) Periodic resetting required due to upward trend in X. 

: the original conditions are to be regained. Evidently the problem of resetting 
* closely associated with the relationship between process capability and the 
pecifications. Case (a) in Fig. 19-17 would require a smaller number of machine 
?sets than case (b). This is further illustrated in Fig. 19-18. In case (a), the 
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n value X can shift a great deal without causing a noticeable increase in the 
>unt of defective items. In case (c), the process ±3(7 spread is slightly wider 
i the specified tolerance, so that the amount of defectives becomes quite 
itive to the level of X; even a comparatively small shift results in an appre- 
le increase of oversized or undersized items, and frequent process adjustment 
>mes inevitable. 


Upper spec. limit 





Figure 19—IS. The effect of a shift in the mean on the amount of scrap. 

(a.) \\ ide tolerances compared with process capability. 

(b) Tolerances comparable to process capability. 

(c) Tolerances are comparatively tight, resulting in excessive 
scrap, especially in case of a shift in the mean. 

Left. The mean is halfway between the lower and upper spec, limits. 

Right: A downward shift of the mean. 

) chart 

~ P (or fraction defective ) chart is employed to control the general 
■V of the product and, in particular, to ascertain whether fluctuations of the 
~ * eve * the product are due to chance alone. Again, the procedure is to 
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determine control limits, and if the defective fraction is within these limits, the 
quality level is considered to be in statistical control; if it is not, there is a strong 
indication that one of the processes or operations is out of control and that 
further investigation is necessary. 

The basic difference between the X and R chart and the p chart is that the 
former is based on control by attributes; in other words, by some specific 
measurable quality characteristics. We examine an operation and decide what 
are the main features that ought to be measured and proceed to construct an 
X and R control chart for each feature or attribute (this is the formal term used 
in statistical quality control). First, however, we often find these attributes 
difficult to define and to measure quantitatively, and secondly (even if we could) 
the number of charts that would be required would be prohibitive. The X and R 
chart, though an effective tool, cannot be used in excess, and sometimes cannot 
be used at all. The p chart, on the other hand, keeps a record of the percentage 
of defective items, irrespective of the cause of the defects, and thereby provides 
an over-all picture of quality level. It can sometimes replace the X and R chart 
if, say, *''go-no go” gages are used, without actual measurements of the attribute 
being recorded. It may suggest that some processes should be subjected to X 
and R control charts, and in this way initiate and coordinate further investiga¬ 
tion and control. 

Fraction defective p is simply defined as the ratio of the number of defective 
items to the total number of items inspected. The control limits of the charts 
are given by: 


UCL p = p' + 3ay 
LCL p = p r — 3oy 


(19-4) 


where p* is the desirable ratio of the total number of defectives found to the total 
number inspected; oy is the standard deviation of the desirable distribution of 
fraction defectives, and from statistical theory it is known that 


Jl 


(1 -Pi 


(19-5) 


where n is the number of units inspected. To start with, the value of p r is esti¬ 
mated by p, which is the ratio of the total number of defectives actually found 
in all samples to the total number inspected in all samples. Hence the control 
limits of the p chart, when p' is substituted by p (called trial control limits for jp), 
are 

UCLy = f 4- 3 ^ 

” (19-6) 

Pi 1 - P) 


LCL p = p-3 


J 


n 
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EX r P u , ,„« on of tires the output of a given size was inspected every day 
fraction defective for this example is shown in ifc. ■ 


Inspection 

Date Number 

Inspected 


March 1 
2 

3 

4 

5 

6 
8 
9 

10 

11 

12 

13 

15 

16 

17 

18 

19 

20 
22 
23 

Total 


600 

500 

540 

620 

680 

660 

660 

720 

750 

710 

680 

660 

660 

500 

540 

580 

620 

660 

700 

750 

12,790 


Table 19 5 

Hesults for Percentage. Defectives 

Defectives Fraction 3ct 

Defective 
(P) 

0.128 0.040 

0.156 0.044 

0 122 0.043 

0*150 0.040 

0.146 0.038 

0.170 0.039 

0.120 0.039 

0 124 0.037 

0.107 0.036 

0.120 0.037 

0.107 0.038 

0.112 0.039 

0.126 0.039 

0.136 0.044 

0.100 0.043 

0.105 0.041 

0.097 0.040 

0.170 0.039 

0.119 0.037 

0.080 0.036 


77 

78 
66 
93 
99 

112 

79 
89 

80 
85 

73 

74 
83 
68 
54 
61 
60 

112 

83 

60 

1,586 


of Tires 
p 3<r 


0.164 

0.168 

0.167 

0.164 

0.162 

0.163 

0.163 

0.161 

0.160 

0.161 

0.162 

0.163 

0.163 

0.168 

0.167 

0.165 

0.164 

0.163 

0.161 

0.160 


p — 3cr 


0.084 

0.080 

0.081 

0.084 

0.086 

0.085 

0.085 

0.087 

0.088 

0.087 

0.086 

0.085 

0.085 

0.080 

0.081 

0.083 

0.084 

0.085 

0.087 

0.088 


1,58 6 
12,790 
= 0.124 


-8 0.10 


' 0.05 




— y 




\ 

l 

1 

1 

1 

1 

—4- 

pj 



v| 

r 


pi 



1_ 


i 

i 

..j— 

11 to 1 

_1_ 

11 1 K. 1 

i 

IA IT 1 


~22 


23 


Date 


Figure 19-19. A fraction defective control chart. (See Table 19 5) 
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ie c chart 

The c chart is used for the control of the number of defects observed per unit. 
ie difference between the p chart and the c chart is that the former takes into 
count the number of items found defective in a given sample size (each defec- 
r e item may have one or more defects in it), while the latter records the number 
defects found in a given sample size. Although the application of the c chart 
somewhat limited, compared with the p chart, there are many instances in 
iustry where it is very useful; e.g., in the control of the number of defects in 
stile material, the number of stains or blemishes on a surface, the number of 
fects on soiled packages in a given consignment, etc. 

The construction of the control chart is similar to that of the p chart except 
at here the control limits are based on the Poisson distribution, which has 
ben been found fit to describe distributions of defects. The control limits 
r the chart are 


UCL c = c' + 3yV 
LCL c = c' — 3 v V 


(19-7) 


lere c' is the desirable level of the number of defects per unit and \ c ' is the 
mdard deviation of the Poisson distribution, and to start with c is estimated 
r c, which is the average number of observed defects per unit (being tbe 
tio of the total number of defects found in all units or samples to the total 
Linber of units or samples inspected), so that the estimated control limits are 


UCL c = c + 3 v'c 
LCL c = c — 3y c 


(19-8) 


henever c < 3y c, so that the LCL is negative, it is taken as being 0. 


Summary 

Problems in quality control may be classified as follows: 

1 . How to define quality and how to measure it? Some attributes are easily 
easurable; some characteristics are somewhat complicated to define. 

2. At what stages to inspect and after what operations? The various stages of 
spection include incoming materials, production facilities, *'* first-off inspection, 
ocess control, final product inspection, and post-sales evaluation. 

3 . How to inspect ? This would include selection of measuring devices, deciding 
>w much to leave to self-inspection by the operators, determination of inspec- 
>n methods (100 per cent or sampling plans). 

4 . Where to inspect? Inspection can be centralized, located along the produc- 
)n line as a sorting station, or it may be carried out by patroling inspectors. 

5. Can and should statistical quality control be employed? The two main 
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tools used in statistical quality control are acceptance sampling and control 
charts: 

(i) Acceptance sampling plans prescribe the sample size on which decision 
to accept or reject the whole lot will be made; there are single, double, or multiple 
sampling plans. 

(ii) Control charts are used in order to ascertain the behavior of the produc¬ 
tion processes: 

(a) The X and E charts are used for control of specific measurable 
attributes. The X chart reveals trends in the mean value of the 
attribute and provides useful guidance for resetting processes. 
The R chart controls the uniformity of the products. 

(b) The p charts for fraction defectives control the percentage of 
defectives, irrespective of specific attributes. They are useful for 
indication of the general quality level, for initiating X and R charts 
for selected operations, and for analyzing the discrepancy between 
the desired level of quality to that actually obtained. 

(c) The c charts are used for control of defects. These charts often lead to 
classification of defects and to studies of methods to reduce them. 

6 . How to evaluate quality? This includes studies of process capabilities, 
critical assessment of specifications and tolerances, and finally, evaluation of the 
effectiveness of the quality control methods employed in the plant. 
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Problems 

1. The acceptance sampling procedure in one plant specifies that 5 per cent of 
the incoming lot should be inspected, and if no defectives are found, the lot 
is accepted. Show that the probability of acceptance varies with the lot size. 
Plot the probability of acceptance against the actual percentage of defectives 
when the lot size is 2,000, 1,000, 500, 200, 100 units. 
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For the following double sampling plan, find the probability of acceptance of 
the lot, when it is known to contain: (i) 2% defective items; (ii) 10% defective 
items. 

Sample No. Quantity Acceptance Number Rejection Number 

1 10 I 4 

2 20 3 4 


For the following multiple sampling plan, plot the probability of acceptance of 
a large lot, when the percentage defectives varies from 0 to 10 per cent. 


Sample No. 
1 
2 

3 

4 

5 


Quantity 

Acceptance Number 

Rejection Number 

4 

* 

»> 

4 

0 

2 

4 

1 

3 

4 

1 

3 

4 

3 

4 


If number of defectives remains 0, the lot is accepted alter second sample. 


A manufacturer produces 10,000 electric bulbs, the average life of each being 
1,000 hours. It was found after 600 hours that 375 bulbs have failed. 

(i) Assuming the life of the bulbs follows a normal distribution curve, 
find the standard deviation, a. 

(ii) How many bulbs failed in the first 400 hours and how many would you 
expect to -work after 2,000 hours? 

(iii) What percentage of the batch could be classed as “life 1,000 hours 
± 5 %”? 

(iv) To ensure continuous light in a square, it was suggested that twin 
bulbs be fitted on each lamp, so that when one bulb failed, the second 
would be automatically switched on. The maintenance schedule was 
to provide for all bulbs to be changed after 1,800 hours. If there were 
200 lamps in the square, how many would you expect to be still 
functioning on the changeover day? In how many of these would the 
second bulb not have been switched on yet? 

(Note: The standard deviation of the twin bulb arrangement is given by 

a \win = 2o- ) 

Bars emerging from a rolling mill have a diameter of 1.000 ^ 0.024 inch in 99.7 
per cent of the cases, and it was found that these diameters form a normal 

distribution. 

(i) Find the standard deviation of the process. 

(ii) In a batch of 1,000 bars, how many would you expect to have a 
diameter smaller than 1.000 inch? 

(iii) How many would have a diameter of 1.000 (=0.008) inch? How many 
would have a diameter from 1.004 to 1.016 inch? 

(iv) Sixty per cent of the bars have a diameter of 1.000 ( ±x). Find x. 



fitiH l*mdtuiinn Planning awl ('nntml 


0. A nmnpln ul hair rumpunnfitn im tahun (mtn a very huge hit., which in known to 
eon tain 5 per cent defer)iven, 

(t) Who I in the pm) nihility of obtaining o, )« 2, M, 4 dnfoel iven m the fh'Hl, 
Mlllllplo? 

(ii) Whull in the probability of obtaining <h 1, 2, 9. 4 defnel i vea in the 
Mncoud Maniple? 

(Hi) Kive Mijeeenaive Mampleu are taken What m the probability I, ho 

20 eomponentn inapeeted would runtain 5 por rent defeetivea? 


7, Idgure 1 0 7 nxhihitM the pinfm.ll device for dluntmtmg the of of ml »e#d dwtrihution 
of uteri hull diameturn, Tfir device ronamta of three parte; fi) a roiiorvoir, fining 
analognun to I,ho pr< iconm; (ii) u pm board, being analogoua to a combined 
din motor meminring uppamtim mid norting meehumam, (in) rnUitwih for 
collecting thn IuiIIm, being analogoua f.o a recording mat.minnnt, IhiuuiMM 
whotfior thin device proven that nteel t mi.) in routing out of a miumfaeturmg 
proooMM urn normally dintributed with reaped. to their diameter, 


8, 


In 


thn manufacture of braun bant the diameter wan uponifind mi 1,000 


/ I 0,020\ 

\ 0.01 o) 


inch. Hamplen taken from thn production lino allowed t he diameter meamme 
merita given in thn aecompanying table, (a) la thn pmreaa in ntatifitical 
control If (b) Comment, on the nperiflratinii, 


Sample 

No, 

1 

2 

a 

4 

5 

ft 

7 

8 
it 

10 

11 

12 

i a 

\4 

15 

10 

17 

18 
HI 
20 


MeumrnnentH aj Pipe Art aim A nr rage Hanue 


1.010 

1.020 

1,015 

boon 

1,001 

1,022 

0.990 

0995 

1.010 

i.oao 

i , o:io 

1,010 

1.010 

1.005 

0,990 

0,985 

0,990 

0,990 

0,995 

0,998 

1.005 

1.008 

0.990 

1,015 

1.010 

1,015 

1.002 

0,980 

1.000 

1.005 

LOOM 

0,998 

1,000 

1.000 

1.000 

0,990 

1.010 

1.015 

1,020 

1,025 

1,020 

1.020 

1.010 

1,015 

1,001 

0.998 

0.995 

0,980 

0.980 

0,985 

0,995 

0.990 

1.001 

1.005 

0.990 

1.010 

1.015 

1.018 

1,020 

1.005 

1,005 

0.995 

0.995 

0.990 

1,005 

1.005 

1.010 

1.010 

1,020 

1.020 

1.020 

1.010 

1.000 

1,000 

1.001 

0.990 

0.990 

0,995 

1.000 

1.010 



(X) 

IH) 

1 000 

1 01 1 

0.029 

0,990 

1,000 

0,02a 

1,000 

1,010 

o.oao 

0,990 

0,990 

0.025 

f ,002 

0,995 

0,012 

1,020 

1,008 

o.oao 

0,998 

1,001 

o.oao 

0.992 

1,001 

0.010 

0,998 

1,000 

0.010 

1.010 

1,010 

0,015 

1.000 

i.oi a 

0.020 

0.985 

0.992 

0.021 

1.010 

0.992 

o.oao 

1,010 

i.ooa 

0,020 

1,000 

1.012 

0.020 

i.ooa 

0.998 

0.015 

1,020 

1.010 

0.015 

1.000 

1.014 

0.020 

0.985 

0,995 

0.010 

1.000 

0.999 

0.020 


Petal 


20.072 0.410 
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rircular brans disks were inspected before reaching the assembly lino. The 
thickness specification of Mm dink wan 0.1 10 ( | 0.020) inch. Sampling every 
hour gave resells mm shown in Mm accompanying table. 


Haw/it? No. Four MraHurnurnltt per Sample (in UummmdikH of an inch) 


1 

87 

105 

1)7 

1)5 

2 

100 

83 

101) 

101 

3 

1 (3 

1)2 

1 12 

98 

t 

113 

1)5 

94 

93 

5 

101 

107 

88 

87 

0 

02 

1)5 

111 

100 

7 

1)0 

102 

115 

90 

8 

1)1) 

101) 

102 

102 

11 

82 

101) 

105 

110 

10 

81) 

1)1) 

105 

90 

1 1 

103 

1 10 

100 

80 

12 

80 

115 

9(1 

89 

13 

101) 

1)2 

98 

105 

14 

75 

113 

103 

110 

10 

105 

84 

84 

100 

Hi 

115 

02 

(01 

108 

17 

124 

115 

114 

89 

18 

1)7 

103 

98 

93 


Wide variations in Min thickness of Min disks worn noticed at the assembly 
linn and Inc I to Mm assertion that raw rnatnrial was faulty. 

Donstmet an X and tt chart and oxfirnHH your views on this matter. The 
design office considered the ({Mention of Hpooi/lcationH and is prepared to alter 
them to 0,108 ( | 0.024) inch. Will this modification resolve the difficulties? 


Inspection of glass vessels coming off a production lino is summarized in the 
accompanying table. Draw a p control chart. What conclusions would you 
draw? 


Dote 

Num her 1 unpecled 

Number L 

April 4 

100 

10 

5 

100 

8 

0 

100 

7 

7 

100 

5 

8 

LOO 

12 

9 

150 

16 

M 

200 

14 

12 

150 

13 

13 

100 

8 

14 

wo 

5 

15 

80 

4 

10 

80 

3 

18 

75 

5 

19 

70 

6 

20 

00 

12 

21 

100 

15 

22 

120 

12 
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11. In the inspection of cloth material, a sample of 20 yards was taken several 
times every day and the number of defects recorded in the accompanying 
table. Draw a control chart for c. 


1st day 


2nd day 


3rd day 


4th day 


5th day 


Sample Xo, Xumber of Defects 



1 

o 

3 

4 

5 

6 


4 
10 
12 

5 

6 
12 


1 

2 

3 

4 


6 

6 

2 

3 


12. A manufacturer makes one million bushes per annum. The specifications of the 
internal diameter are 0.600 —0.010 inch. The process capability may be 
defined by 0.600 ±x, and the cost of producing and inspecting one bush is 
1 (5.r) dollars, when x < 0.100. A 100 per cent inspection is carried out after 
production to sort out the defectives, each involving a loss of 0.16/x dollars. 
Assuming that the process can be easily adjusted to produce a mean internal 
diameter of 0.600 inch, and that the final results conform to the normal 
distribution, 

(i) Plot the cost of production when x is varied from 0.100 to 0.010. 

(ii) Plot the loss due to the number of defectives for the same range of 
values of x. 

(hi) Combine the two curves to find the total cost and determine the 
value of x for minimum costs. 
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Like quality control, cost control is not, strictly speaking, a production 
planning and control function, but since it is used as a criterion for measu rin g 
the effectiveness of the plant, this treatise will not be complete without a brief 
reference to the subject. Both quality control and cost control tell us how well 
the plant is doing; both feed vital information to the production departments, 
information on wdiich corrective actions can be based in order to improve 
performance. 

As stated in Chapter 15, plant efficiency is indicated by comparison of actual 
with planned performance. In quality control we compare the quality level of 
components or products with the desirable level as stated by specifications. 
Similarly the purpose of cost control is to compare the actual costs incurred in 
production with predetermined cost factors. The procedure is as indicated by 
the control elements enumerated in Chapter 15, namely: recording data while 
operations are performed, analysis of the data in the form of cost computations 
and comparison with cost estimates, feeding information for immediate correc¬ 
tive action by the appropriate departments and for final evaluation of perfor¬ 
mance efficiency. 

For cost control to be effective, it has been recognized in recent years that its 
procedure must follow this basic pattern, which is common to all control 
functions. The development of standard cost accounting has been very helpful 
in realizing this aim and in making cost control a useful managerial control tool, 
and it has been successfully applied in many industries. 

Briefly, standard cost accounting begins by setting standard costs to the 
various sources at which costs are incurred. This is a planning function 
(= estimating), which tries to analyze the production operations, the planned 
utilization of materials and facilities, the services provided by various depart¬ 
ments, and the managerial effort involved, and to interpret ail these factors into 
cost terms, the sum total of which will give the cost of production. Through 
cost control we try to find whether these standards, or “targets,” can be attained 
—and if not, why not ? Is it because there is a waste of materials, too much scrap, 
or wasteful use of facilities? And how can we reduce this waste to improve our 
performance, so that we can be more competitive? This, in short, is what cost 
control is about. 
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Standard Cost Accounting 

Control is facilitated by assignment of costs to cost centers. A cost center is 
defined on a functional basis to include machines and operators, whose control is 
clearly directed by one supervisor or manager. In this way, costs can be traced, 
investigated, and analyzed, and responsibility for them is unquestionably 
definable. Naturally the demarcation between cost centers must be clearly 
determined, with no overlap, and there may be several cost centers in one 
department, depending on their functional responsibility. The production 
department, for example, may have the following centers: Press shop, machine 
shop, tool room, painting, maintenance, etc. 

Within each center, costs are attributed to specific activities, depending on 
the types of machines or skills employed. The machine shop, for instance, may 
have the following operations: turning, milling, shaping, grinding, etc. The 
expenses at each center are classified according to expense items, or accounts, 
and a typical monthly summary of cost breakdown into accounts is shown in 
Table 20-1. 


Table 20-1 


Account 

! Cost Center 

Total 


A 

B 

C 

D 

E 

F 

0 

H 


0. Direct 
supervision 

1. Indirect 
supervision 

2. Direct labor 

3. Indirect labor 

4. Direct materials 

5. Indirect 
materials 

6. Maintenance 
labor 

7. Maintenance 
materials 

8. Power and water 

9. Other services 





i 

\ 

\ 

i 




These costs must be related to a common denominator for the purpose of 
comparison and analysis, and in standard cost accounting the “productive 
standard hour” (PSH for short) is commonly adopted for this purpose. In this 
way the costs are related to the productive capacity of the plant and provide a 
measure of the variable costs incurred. For reasons explained in Chapter 5 in 
connection with the break-even chart, cost control based on unit of output will 
not provide useful information about the performance of the plant because the 
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ntal amUi cornuat of n fixed (font and a variables cost component. It in by segre- 
;af-ion of f he two that analysis becomes |»oHHihl<% and an example of a standard 
ont ntatement baaed on the productive ntandard hour in shown in Table 20 -2. 
<!aeb operat ion in related to the number of l\SH required to complete it (taking 
nt.(» account the methods prescribed by production planning), and if the fixed 
onfiM and variable costs per P»SII for thin typo of operation are known, the 
tandard cost of the operation can be readily computed. By adding the standard 
onto of materials required and making permissible allowances for swarf and 
<*ra,p, the total standard cost of eaeh component can be found. These standard 
'allies are then compared with actual cost figures, and whenever the discrepancy 
4 so pronounced that further investigation is required, the breakdown figures 
an fa* compared, account for account and cost center for cost center, until the 
a uses are finally traced and studied in more detail. 


Table 20 2 


( Until 
< tenter 

H 


a 
n 

He, 

fn netting standard costs and in recording cost items during the operations, 
t is important to have clear-cut definitions of the various accounts; otherwise 
he whole basis for comparison of actual with standard figures may become rather 
flaky. Sons*- common definitions of accounts are given below: 

Direct mipcrvMon: supervisors’ time employed in directing the activities of the 
production centers embodied in the cost center 
Indirect supervision: including staff relationships and clerical personnel 
Direct labor: operators’ time closely related to PSH 

Indirect labor: time that cannot be related to PSH, so that costs can be com¬ 
puted only as an average over a number of PSH 
Direct materials: materials required to make one unit of the component or 
product, including permissible swarf and scrap 

i Derived by multiplying the total cost per PSH of the operation: 7.00 X 0.022 = 0.154 
*811 productive standard hours. 


Standard Conl Statement of a Cotnponent (in dollars) 


(tpcraUon 

/W/ 


(Until per PSH 


Operation 

Cost 

Fixed 

Variable. 

Total 




1. heat 
treatment 

0.022 

AM) 

2.50 

7.00 

0.154 1 

2. turning 

2. waste 

0.045 

0.00 

3.00 

9.00 

0.405 

material 





.0.150 

It. milling 

0.000 

0.00 

4.00 

10.00 

0.636 

3. waste 






material 




-- 

— 0.120 
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Indirect materials: materials that are not incorporated in the product but aro 
required in the process of production and supervision, such as sandpaper, 
oil, rags, stationery, etc. 

Maintenance materials: materials and parts used for servicing of equipment 

Details on how these accounts are administered can be found in most of the 
standard textbooks on cost accounting. 

Further Considerations of Break-even Charts—Step-wise Cost Function 2 
Cost control and the analysis of the break-even chart in Chapter 5 are normally 
based on the assumption that the cost function is linear and continuous and is 
clearly defined by two components: A fixed component, F, and a variable one, 
aQ. where Q is the quantity produced. In practice, however, it is often found that 
the fixed costs increase in a step-vise fashion as the volume of production grows 
(Fig. 20-1). and this phenomenon is attributed to the fact that additional 



Figure 20-1. A step-wise cost function. 


personnel, equipment, and even whole departments have to be added when 
plant activity attains certain levels. Had this increase been a gradual one, it 
could have been included in the variable costs component. But in their very 
nature these increases to the cost function are similar to the fixed costs, F, 
except that they occur at different stages of the firm’s growth when the need 
arises. The BEP is obtained at 

k 

F + ^ F t + aQ — bQ (20-1) 

i 

when F, is the increase in fixed costs at the ith step and when the BEP occurs 
after I: steps. 


This section may be omitted at first reading. 
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f _u yy HjF 

Hence Q —---= ^ ^- (20-2) 

b — a 9 

where Ci is the BEP for the case of a continuous function (F i = 0) and o is the 
jP/ V ratio (see Chapter 5). 



For the special case, when a first increase of F 0 is expected after Co-i and 
subsequently at constant intervals of activity Co (Fig. 20 - 2 ), the BEP 

o 

and we know that 

Co -1 ~ (k l )Qq ^ C ^ Co-i *C 0 

and from these two expressions C can be evaluated. First let us assume that the 
solution lies at C — Co-i + — l)Co- Hence 

Q = Q ' + (^ 1 -')7 


or 


o = <gi — Ct^o-i/^q) — 1 ]( J’o/?? 
1 - (1 !Q 0 )(F 0 h) 


(20-4) 


which provides a first approximation for Q. k can then be evaluated by 


1c — C —Co-i _ 

Co 


and the solution for the BEP may be sought through Eq. 20-3 by trial and error. 
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It should be noted that in some situations, more than one solution for the 
BEP is possible, as illustrated in Fig. 20-3 where break-even occurs both at 
Q' and Q”: 

BEP at Q' when F + JcF 0 + aQ' = bQ' ^ 

BEP at Q" when F -f (k + l)*o + a Q" = W" 

[n the interval between Q' and Q" the plant is first operating with a very small 
profit; then at Q = - kQ 0 , it operates at a loss due to an increase in the 

ixed costs by F 0 , and beyond Q" the profit constantly increases. This interval 
between Q f and Q" may be called the break-even range (which can be easily shown 
;o be Q” — Q , = F Q j o), and its extreme value, Q", should be considered the 
iecisive factor for calculation of the safety factor. 



It is obvious from Fig. 20-2 that at any interval of Q 0l it is best to operate 
Lear the end of the step/’ so to speak, since an increment of F 0 adversely 
fleets the final profit. If the plant operates at Q — jQ 0 , where j > k, the profit is 

Z i — bQ~\F -f jF 0 -f aQ] = <?Q - [F + jF 0 ] (20-6) 

nd this profit is reduced to 

Z’i = h ~ Fo 

'hen F q fixed costs are added. 

’xample 

The annual fixed costs of a firm is now §4,200,000, and it was found in practice 
iat these fixed costs increase by $200,000 for every increase of 15,000 units in 
le production volume. If the PjV ratio is known to be $41 per unit and the 
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•imual production volume is 123,000 units, find (a) the BEP and the break-even 
ange, if any; (b) the margin of safety; (c) the profit. 

Solution 

Since an increment of F 0 — $200,000 occurs every Q 0 = 15,000 units (in this 
ase (> 0 -! = <5 0 )> the firm has experienced j = 123,000/15,000 21 8 such incre¬ 
ments. Given 

F + jF 0 = 4,200,000 


F = 4,200,000 - 8 x 200,000 = $2,600,000 


fence 



2,600,000 

41 


= 63,500 units 


(a) First evaluation of Q by Eq. 20-4: 


Q 


63,500 
200,000 
15,000 X 41 


94,100 units 


m approximation for Jc: 


Q _ 94,100 
Q 0 15,000 


ry k = 5 and 6 . By Eq. 20-3, 

For k = 5: Q' = Qi ~r k— 

9 

= 63,500 + 5 

For k = 6: Q" = 63,500 + 6 


' 200 , 000 \ 

. « . ) 


= 87,900 units 


'200.000X 
. 41 J 


= 92,700 units 


heck for k: 

, Q’ 87,900 . , , , , e in xr \ 

k — — z= —--> o but below 6 (O.K.) 

Q 0 15,000 

k — — = —--> 6 but below j (O.K.) 

Q 0 15,000 


; can be easily verified that other values of k do not qualify under this test, 
'ence the break-even points are at Q' and Q", as calculated above. 
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<b) The margin of safety is 


A = 



123,000 

92,700 


_ 1 = 0.325 


(c) The profit is calculated by Eq. 20-6 as 


Z = - [F - jF 0 ] = 41 x 123,000 

, 200 , 000 ^ 


4,200,000 $840,000 


The Effect of the Learning Curve on Unit Costs 3 

So far. the break-even analysis was based on a linear cost function, which 
ssumes that for each additional unit produced, the total costs increase by a 
onstant amount, a, irrespective of the production volume. The coefficient a in 



Figure 20-4. Effect of quantity on 

E 

unit costs (as given by V = ^ | ■ a ). 


ie variable costs term aQ of the total costs function is the constant costs per 
nit in this analysis. Costs per unit can be described by 


total costs for Q units 
Q units 



(20-7) 


his is a hyperbola, with Y = a as its asymptote, when Q->oo (see Fig. 20 - 4 ). 
he reduction of costs per unit with the increase of production volume is due to 
le fact that the fixed costs can be assigned to a larger number of units, while the 
rect costs are assumed to remain constant. 

However, ample evidence is available to show that the so-called constant 
reel costs per piece, a. are in fact a function of Q. For one thing, the labor 
>ntent per unit is known to be greatly affected by the learning curve. The 


3 This section may be omitted at first reading. 
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direct labor costs function was investigated during World War II in the airframe 
industry, and it. was found that direct labor costs were reduced by 20 per cent 
when the number of frames was doubled, the function being described by 

l = CQ n (20-8) 

where / = direct labor 

Q = number of units producted 
Cm = parameters ( — 1 < n < 0) 

The function is shown in Fig. 20-5. Here, C represents the cost of the first unit, 
as l = C for Q = 1. The cost function implies an assumption that as the number 
of units produced increases, the costs diminish, and for an infinite number of 
units the direct labor costs are zero. This assumption is based on two facts: 

(1) due to the learning curve, workers become more skilled and efficient, and 

(2) the increased degree of mechanization of the plant expands production. For 
the purposes of this analysis this model is adequate. 



Figure 20-5. Direct labour cost 
function (1 = CO 71 :— l<n<0). 


A survey of several firms from various industries (aircraft instruments, 
laminated aircraft plastic assemblies, electronic data processing equipment, 
producers of electronic and mechanical units, aircraft models, World War II 
liberty ships, a semiautomatic machine producer, a textile machine, etc.) 4 
seemed to suggest that although the initial cost greatly differed for different 
products, there was very little variation in the percentage of cost reduction. If 
at any production volume the direct labor costs were considered as 100 per cent, 

4 Reno R. Cole: Increasing utilization of the cost quantity relationship in manufacturing 
(J. Industrial Engineering. May-June, 195S). 


'0 Production Planning and Control 


ley were reduced on the average to 79.6 per cent (say, 80 per cent) when the 
olume doubled. Thus, for the first volume, 

h = CQ\ 

ibsequently U = CQ n 2 



at Z 2 Zj = 0.8 and Q 2 = 2Q X ; hence 0.8 = 2 n , or 

n = —0.322 ~ -i 


rovided the findings of the survey mentioned above prove to be characteristic 
>r all industry, this result for n is independent of the type of product manu- 
.ctured or the values of C and Q. The direct-labor cost function then becomes 

l = CQ-°- 3 -- ~ F (20-9) 

id this is a very useful tool when direct labor costs have to be estimated for 
Ttain predetermined production volumes. 



Figure 20-6. Direct cost function 
(a=A — BQ n l<n< 0). 


The direct costs per unit do not consist of labor alone, but also materials, cost 
* running and maintaining machines, and other expenses directly associated 
ith the production process. Although little research is available to indicate 
hat form the direct cost function follows, it is reasonable to assume that it is 
•mewhat similar to the direct labor cost function, so that 

a = A A BQ n (20-10) 

\ shown in Fig. 20-6, where a is the total direct costs per unit and — 1 < n < 0 
id the function is valid only from Q ^ 1. When only one unit is produced 
1 = 1), the direct costs are a = A -f- B, while for Q oo we get a — A. The 
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factor A, therefore, indicates the cost of materials and other direct costs when 
the production volume is so high that hardly any direct labor costs are incurred. 
To find n , the method shown above can be used: 


For <3 = Q x \ 


For Q = 2Q 1 : 


or 


and 


a ± = A + BQ\ 
a 2 = A + B(2Qi) n 

a2 -.r_ = w = 2 n 

a 1 — A 

log W 
n = --- -- 
log 2 


Further research is required to establish values for n and compare it with that 
obtained for the direct labor cost function. 



Qo 2Q 0 3Q 0 


Quantity Q 


'Figure 20-7. Modified total costs 
per unit . 


Application to the break-even analysis 

In the break-even analysis, the total costs per Q units were taken as F -f a Q, 
when it was assumed that (a) fixed costs remain unchanged, irrespective of the 
volume Q, and (b) direct costs per unit remain constant. If we modify these 
assumptions in the light of the above discussion, the total costs function may be 
restated as: 

Jc 

y = f + 2 F i + f- 4 + ( 2 °- n ) 

1 


Fixed costs 
after Jb 
increments 


Variable 

costs 
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when it is assumed that each fixed costs increment is equal to F 0 , the first 
irring after and the others every Q 0 , we may conclude that 


y = F -f k F 0 + AQ + BQ n+1 


Fixed costs Variable 

after k costs 

increments 


( 20 - 12 ) 


ues 2t>-7 and 20-8 show the modified total unit costs and the modified 
ik-even chart (taking Eq. 20-12 into account), and these should be compared 
i Figs. 20-4 and 5-9, respectively. The profit at point Q (see Fig. 20-8) is 

Z = bQ —y 

Z — (b — A)Q — BQ** 1 - (F + JcF 0 ) (20-13) 


the BEP is found when Z = 0. 



Quantity 


Figure 20-8. Break.-even analysis 
using the modified cost function• 


. is clear from Fig. 20-8 that when we stay on the same “step” on the cost 
tie®, it always pays to increase the production volume. What happens, 
e\ er, v, hen an increase of A$ in the production volume brings us one step 
er and the fixed costs increase by an increment F 0 ? The increase in profit, 

* q. 20-13, is 

AZ = (b ~ A)AQ - j?[(Q + AQ)** 1 - Q*+ 1] — F 0 
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iTien A Z > 0, the increase is worth while; i.e., when 

(b - .4)A<? - B[(Q + A<?)»+* - <3 n+1 ] > Fo 
B 


A Q 

sing the following notation 


(-fr-o 


QJ 

A Q 
Q 
B 


Qn > _Z°_ j 

* b-AQ 


= 9 


) (20-14) 


b- A 

ie last expression may be rewritten as 


= h 


-9 (1 + r )"+ 1 


i approximation to substitute the square brackets can be found through the 
tiomial expansion (using the first two terms): 

(1 -j- y) n + 1 — 1^1 + i n + l)v — 1 = (n + l)y 
i/ — g{n + l)v Q n > ~ 


{ 


1 — g(n -b 1 )Q n > 


tn 


Q 


(20-15) 


hen investigations of the cost function characteristics justify using 

ti = —J 

in v{i — ^ (20-16) 


Kl-f 9Q-*)>q 


vdously, the larger the v (= the contemplated expansion in output) and the 
aller the Q (= the present output), the better is the chance that expansion 
1 increase profit, in spite of the increase in fixed costs. The issue depends, 
vever, on the values of the parameters g and h. Furthermore we can see that 
r is sufficiently small and when Q is large, the effect of the learning curve is 
eligible, and the simplified linear analysis is obtained, since then 
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r, by substituting Eq. 20-14, 


&Q F 0 1 
Q b-AQ 



a this case b — A is the PjV ratio; hence the condition that positive profit will 
jsult through expansion in output becomes 

A Q>T> 

9 

ad this is similar to the analysis included in Chapter 5. 

Summary 

Cost control is a management tool that assists in the evaluation of plant 
erformance by comparing actual cost factors with the corresponding figures 
stermined at the planning stage. Cost analysis is usually based on the linear 
reak-even chart, and if a cost accounting system is to be effective in cost control, 
must involve recording procedures that would facilitate the segregation of cost 
.ctors into fixed and variable parameters. Sometimes the simplified linear 
:eak-even chart is too crude a method for cost analysis and several modifica- 
ons have to be considered, such as the significance of stepwise changes in the 
sed costs and the effect of the learning curve on the total costs function. 
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roblenis 

. Consult a textbook on cost accounting and compare any conventional cost 
accounting with the standard cost accounting method. What features does 
the latter have to make it potentially an effective control tool? 

. A small firm employing 75 people is engaged on job production where only 
25 per cent of the orders are repeated. As a production engineer, you are 
asked to outline a cost control procedure that would help you in planning and 
control production. Prepare a memorandum with your suggestions for the 
plant manager. 

. Costs records for a packing and shipping department are shown in the accom¬ 
panying table (all figures in dollars): 
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Account 

Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

jpervision and clerical 

1,100 

1,200 

1,100 

1,270 

1,300 

1,300 

ireet labor 

2,800 

3,820 

5,630 

6,000 

6,910 

8,400 

idireet labor 

2,900 

3,010 

3,580 

3,810 

4,000 

4,080 

ireet materials 

2,100 

3,000 

4,250 

5,000 

5,600 

6,730 

idireet materials 

810 

830 

910 

980 

1,020 

1,050 

aintenance labor 

510 

530 

610 

600 

540 

600 

aintenance materials 

420 

440 

430 

400 

400 

440 

ower and water 

310 

290 

330 

280 

360 

330 

3H 

500 

650 

950 

1,100 

1,250 

1,500 

Account 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

ipervision and clerical 

1,700 

1,700 

1,600 

1,600 

1,410 

1,380 

ireet labor 

9,000 

8,800 

7,850 

7,060 

6,030 

5,020 

idireet labor 

4,900 

4,900 

4,100 

4,000 

3,500 

3,400 

ireet materials 

7,800 

7,660 

6,300 

5,600 

4,800 

3,830 

direct materials 

1,050 

1,040 

1,050 

1,030 

1,000 

950 

aintenance labor 

520 

500 

580 

590 

570 

550 

aintenance materials 

460 

390 

400 

450 

430 

460 

>wer and water 

340 

280 

310 

330 

320 

350 

3H 

1,750 

1,700 

1,400 

1,250 

1,050 

850 


(i) Find the cost items per productive standard hour and plot their 
variations against time. 

(ii) Can you suggest any correlation between the various accounts? 


s. A plant is operating at a margin of safety of 100 per cent. Show by the linear 
break-even chart analysis that the profit is equal to the fixed costs. Would 
this mean that the profit could be increased by increasing the fixed costs? 

i. (a) When the cost function assumes a stepwise shape, as shown in Fig. 20-3, 
show that the break-even region is 

Q" - Q' = — < Qo 

9 

(b) Under what circumstances can the break-even occur at three points? 

. The fixed costs for a certain product amount to $120,000. When the annual 
output reaches 25,000 pieces, it is estimated that the fixed costs would increase 
as a stepwise function by F 0 = $25,000 for every 10,000 more pieces per 
annum. The variable costs are $2.04 per unit and the sales income is $6.60 
per unit. 

(i) Find the break-even point and the break-even range, if any. 

(ii) The margin of safety and the profit when output reaches 50,000 per 
annum. 

(iii) Plot the change in profit when the output changes from 10,000 to 
100,000 pieces per annum. 

. Show' that when the effect of the learning curve is neglected, the BEP is higher 
than the one suggested by Eq. 20-13. 
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a Formula 20-15 was obtained by using only the first two terms in the expan¬ 
sion of the binomial (1 + v) n+ ». Modify Eq. 20-15 by including the third 
term in the expansion, and discuss to what extent this would add to the 

accuracy of your expression. 

h ■ Show that if B -> 0, there is no learning curve effect on the cost function 

and hence on Eq. 20-15. 

A riant is operating at an output of 10,000 units per month, and it is known 

that ’symbols as used in the text): 

b = $25/unit 
A = $ 13/unit 
B = § 15/unit 

Discuss the effect on profit of increasing the output by 20 per cent, if the 

fixed costs may thereby increase by §20,000. 

\ component can be produced by three methods in a plant, the cost estimates 

being as follows: 


PrxiM 

Setup Costs Including Dies 

Variable Costs Coefficients ( $lunit ) 



A 

B 

Forging 

$40,000 

0.30 

0.20 

Machining 

$3,000 

1.10 

0.40 

tasting 

$$,000 

0.70 

0.30 


A fourth alternative is to buy the component outside. One vendor’s offer is 

given by: 

Up to 20,000 pieces: $1.60/piece 
20.000-40,000 pieces: $1.10/piece 
More than 40,000 pieces: $0.80/piece 

If the learning curve is taken into accoimt (take n = — -1), plot the cost 
Junction oi the four alternatives (by Eq. 20—11), and state under what con¬ 
dition is each preferable. 
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* From Cambridge elementary statistical tables by D. Y. Lindley and J. C. P. Miller, 
reprinted with permission of the publisher. Each digit is an independent sample from a 
population in which the digits 0 to 9 are equally likely; i.e., each has a probability of 1/10. 
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Acceptance sampling 530 
Activity chart 205, 210, 283 
Advertising 64, 108 
Aesthetics in design 68 
Allocation or Assignment problem 223, 
288, 291, 338, 344, 350, 357 
Apportioning problem 498, 510 
Ashcroft, H. 293 
Ashcroft number 299 

B 

Balancing 302, 313, 357 
Batch production 12, 227, 338, 343,357,367 
Batch size 230, 267, 370, 401, 453, 482, 496 
Bellman R. 475 

B.e.p. (break-even point) 80, 565 

Bin card 222 

2-bin system 450, 458 

Break-even analysis 79, 92, 1S4, 565 

Break-even range 566 

Business cycles 112 

C 

Camp 234 

Capacity 87, 2S1, 308, 344, 34S, 355, 378, 
384, 395, 446 
Central statistics office 52 
Classification of materials 220 
Competition 60, 72, 104 
Computer programing 431 
Computers 417 
Concurrent activity 2S4 
Consumer price index 112 
Continuous demand 477 
Continuous production 13 
Control 2, 6, 32, 49, 54, 405, 422, 542, 550, 
561 

Control chart 122, 406, 411, 546 
Correlation analysis 117, 130, 13S 
Cost control 561 

Cost function 232, 268, 287, 342, 457, 479, 
483, 494, 505, 564 


Criteria 231, 259, 454, 479 
Cycle test 377, 382 

D 

Davis 238 

Design 60, 66, 68, 91, 95, 173, 194 
Diminishing utility 106 
Dispatching 4, 49, 408 
Distribution of employees 15 
Distribution of goods, 107, 109, 448 

E 

Efficiency 211, 301, 304, 311 
Eisenhower, D. 703 
Electricity consumption 129 
Estimating 3, 99 
Evaluation 4, 173, 405, 530 
Expediting 4, 49, 40S 

F 

First off inspection 528 
Flow chart 204, 335, 431 
Flow production 13, 149, 338, 339 
Flow systems 144 

Forecasting 99, 101, 114, 122, 132, 135 

G 

Gantt chart 411 

H 

Harris 234 

I 

Idle time 284, 289, 308 
Independent activity 284 
Indicators 130 

Industry, types of 16, 22, 135 
Inspection 4, 526 
Instantaneous demand 482 
Inventory control S, 50, 133, 220, 227, 357, 
400, 406, 434, 439, 448, 475 
Iso-profit space 319, 322 
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3 

Jeirkes. J. 101 
sfLgTS ana ieels 4S 
Jc'b card 2:20 

Jcb prediction 11. 350. 357, 436 
L 

Layeu: - ut plant layout 
Lead rime 4C, 61. 132 
Lraminp curve 56S 
Least squares 117 
Lekoezky 23S 

linear programing SS, 319. 343; 345 
31 

Machine interference 291 
Machine leading 3. 337. 344 
Machines 2, 3L*I76. 282, 303 
Marketing 62. 106, 109 
Market research 27 
Market share 105, 115 
Mass production 13 
Materials 2. 37 
Materials handling- 161 
Material ut dinar ion 179 
Methods 2. 37 
Method study 7, 49. 51 
Mm—max system 450 
Models 165 
Mcroney. M. 5. 101 
Moving total 124 

Mbe:-machine supervision 210. 2S6 
X 

Monograph f:r optimal batch size 240 
X:rmal distribution 539. 57S 
Xomai distribution of demand 485, 4S9 
Xenon, P. T. 252 

O 

Operation sheet 216 
ChgannAticn 43 
Overtime 348, ITS 

p 

Payroll 423 
Pemshablfts 4>4, 4§5 

Flaming 2, 5. 6, 32, 47, 54, 60. 214, 223 

PI&t.t layout 6. 143 
Plant, size of 14 
Pthn-T 59. 64. II 
r ratm 2-44. S97 
Predirtc-rs 230 
Preferred numbers 76 
Price break 26S, 276 
Pnc.ce',ss adjustment 501 


Process capability 536, 541 
Process chart 206 
Process layout 153 
Process outline 204 
Process selection 183 
Process variability 537, 548 
Product analysis *30, 61, 66 
Product development and design 59 
Product layout 153 

Production cycle 27, 368, 387, 395, 397 
Production master program 212, 335 
Production order 132, 203, 218, 336, 408 
Production range 243, 261, 272, 276, 377, 
379, 383 

Production, types of 1, 11, 23 
Profit distribution 90 

Profit functions 84, 87, 88, 248, 317, 324, 
371, 479, 484 
p test 377, 381 
Punched card 421 
P V | Profit-volume) ratio 84 
P/V (Profit-volume) chart 84, 92 

Q 

Quality control 31, 406, 525 
Quality control —see also inventory control 
50, 223, 406, 475 
Queues 292, 350, 354 

R 

Random arrival 293, 350 
Random numbers 352, 582 
Raymond, F. E. 236, 252 
Regression analysis 117 
Reorder cycle system 451, 460 
Reorder range 454 
Replacement 107 
Replenishment policies 450, 463 
Return 251, 371 
Routing 3, 216, 359 

S 

Safety stock 229, 440, 461 
Sales analysis 113, 117, 128, 430 
Sales forecasting 99 
Sales record 422 
Sales terms 110 
Sampling plans 533 
Saturation of demand 106 
Scheduling 3, 78, 215, 223, 281, 335, 343, 
367, 395, 400, 430 
Scrap 501, 517, 552 
Seasonal demand 122, 128 
Semi-perishables 485 
Sequencing 338, 357 
Simplification 7, 50, 75, 78 
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Simulation 351, 356 

Smoothing 340 

Specialization 75 

Standard, cost recounting 562 

Standardization, standards 7, 51, 74, 76 

Stock card, 222 

Stock control —see inventory control 
Stocks 113, 133, 220, 370 
Subcontracting 35, 348 

T 

Tape 420, 423 
Templates 165 


Time and motion study —see method 
study, work measurement 
Time span of departmental responsibilities 
40 

Transportation 50, 52 

U, V 

Value analysis 174 

Variety 67, 71, 78, 105, 221, 323 

W 

Wholesale price index 112 
Work measurement 7, 51, 544 



